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(57) ABSTRACT 

Nucleic acid sequencing methods and related products are 
disclosed. Methods for sequencing a target nucleic acid com 
prise providing a daughter Strand produced by a template 
directed synthesis, the daughter strand comprising a plurality 
of subunits coupled in a sequence corresponding to a contigu 
ous nucleotide sequence of all or a portion of the target 
nucleic acid, wherein the individual subunits comprise a 
tether, at least one probe or nucleobase residue, and at least 
one selectively cleavable bond. The selectively cleavable 
bond(s) is/are cleaved to yield an Xpandomer of a length 
longer than the plurality of the subunits of the daughter Strand, 
the Xpandomer comprising the tethers and reporter elements 
for parsing genetic information in a sequence corresponding 
to the contiguous nucleotide sequence of all or a portion of the 
target nucleic acid. Reporter elements of the Xpandomer are 
then detected. Corresponding products, including Xpand 
omers and oligomeric and monomeric Substrate constructs 
are also disclosed. 

o 
N 

- 
/s 

A. 

  



Patent Application Publication Feb. 5, 2009 Sheet 1 of 75 US 2009/0035777 A1 

Aig. 1A Aig. 1A 

l 5 
  



Patent Application Publication Feb. 5, 2009 Sheet 2 of 75 US 2009/0035777 A1 

Aig. 2B 128 

29 
11 

27 

14 a 15 16 y17 
6 

  



Patent Application Publication Feb. 5, 2009 Sheet 3 of 75 US 2009/0035777 A1 

Aig. 3A 

f T 

  

  



Patent Application Publication Feb. 5, 2009 Sheet 4 of 75 US 2009/0035777 A1 

  



US 2009/0035777 A1 Feb. 5, 2009 Sheet 5 of 75 Patent Application Publication 

Aig. 3C 

© CIOE) 

  



Patent Application Publication Feb. 5, 2009 Sheet 6 of 75 US 2009/0035777 A1 

Aig. 4 

( 
S 

2 Y- -" 
( 

29, 7S 
( RS 

C S 

O 45 

  



Patent Application Publication Feb. 5, 2009 Sheet 7 of 75 US 2009/0035777 A1 

yo 

s Sp 

ve 

AISueu 

  



US 2009/0035777 A1 Feb. 5, 2009 Sheet 8 of 75 Patent Application Publication 

9 91-7 



Patent Application Publication Feb. 5, 2009 Sheet 9 of 75 US 2009/0035777 A1 

20 complementary bases 
(+20) Aig, ZA 

- N 
5' TGTGTGTGTGTGTGTGTGTGATCTACCGTCCGTCCC 3' 

TAGATGGCAGGCAGGG5 
HEX 

  



Patent Application Publication Feb. 5, 2009 Sheet 10 of 75 US 2009/0035777 A1 

  



Patent Application Publication 

OLGOMERC 
SUBSTRATE 

CLASS CONSTRUC 

I. R-P1-P2-R2 

- Pl 
II R- P- P2- R2 

p. 
III. R-P1-P2-R 

l, 
IV. R-P1, P2- R2 

.. 
V R- P1- P2- R2 

Feb. 5, 2009 Sheet 11 of 75 

Aig. 8 

XPANDOMER 
INTERMEDIATE 

-PP2 
-P-P2 K 

O 

US 2009/0035777 A1 

XPANDOMER 

  



Patent Application Publication 

CLASS 

W. 

VII. 

VIII. 

X. 

MONOMERC 
SUBSTRATE 
CONSTRUCT 

Feb. 5, 2009 Sheet 12 of 75 

Fig. 9 

XPANDOMER 
INTERMEDIATE 

US 2009/0035777 A1 

XPANDOMER 

|-T- 



Patent Application Publication Feb. 5, 2009 Sheet 13 of 75 US 2009/0035777 A1 

Aig, 104 Fig, 10B Alig. 10C 
99 

99 r O. T 99 lo -- Li ' '...) 1 A1, n2 a.2 -P's P1- - K. R-P'-P-R 95 - -P-P- 
N-- K 
100 

Aig, 10D 

Fig, 1 OF 

f02 103 92 VN E uly 3, 
f00 

  



Patent Application Publication Feb. 5, 2009 Sheet 14 of 75 US 2009/0035777 A1 

  



Patent Application Publication Feb. 5, 2009 Sheet 15 of 75 US 2009/0035777 A1 

  



Patent Application Publication Feb. 5, 2009 Sheet 16 of 75 US 2009/0035777 A1 

  



Patent Application Publication Feb. 5, 2009 Sheet 17 of 75 US 2009/0035777 A1 

Fig, 14 

144 Y 
143 

f46 
142 ID ID 

140 

d 

P 

  



Patent Application Publication Feb. 5, 2009 Sheet 18 of 75 US 2009/0035777 A1 

Aig, 15 

-1s 

156 

  



US 2009/0035777 A1 Feb. 5, 2009 Sheet 19 of 75 Patent Application Publication 

Aig. 16 
  



Patent Application Publication Feb. 5, 2009 Sheet 20 of 75 US 2009/0035777 A1 

Aig, 17 

mo- mo 
170 

O 
O' C 
O 
O O 
O O 
O 
O O 
O P 
C 

  



Patent Application Publication Feb. 5, 2009 Sheet 21 of 75 US 2009/0035777 A1 

Aig, 18.4 Aig, 18C 
f34 

f89 

y t f31 C 
"wo ul -T- R- P- P2- R P-P K 

N 180 f80 

Fig, 18D 

Fig, 18E 

  



Patent Application Publication Feb. 5, 2009 Sheet 22 of 75 US 2009/0035777 A1 

FIG 19A FIG 19B FIG 19C 

... ' 

S " 8. -T 
R1-P- R2 -P-P- P 5. K 

aa. p- p2 
K 

FIG 19D FIG 19E 
  



Patent Application Publication Feb. 5, 2009 Sheet 23 of 75 US 2009/0035777 A1 

  



Patent Application Publication Feb. 5, 2009 Sheet 24 of 75 US 2009/0035777 A1 

    

  



Patent Application Publication Feb. 5, 2009 Sheet 25 of 75 US 2009/0035777 A1 

Aig. 224 Aig, 22B Aig. 22C 
220 

220 T O 

T 
221 . 1. 222 T 220 

6 - of- D- - 
R. P- P- R2 223- th was p p2- K 
N- K 
229 

Fig. 22D 

Alig. 22E 

802 

u-225 223 224 

225a 225bs 

  



Patent Application Publication Feb. 5, 2009 Sheet 26 of 75 US 2009/0035777 A1 

Aig. 23A Fig. 23B Fig, 23C 
239 29 

. 2:g, 230s, - . /239 - 

R p- k / K 
N- ... will K 234 
235 

Aig. 23D 
--- 237b. - 

- 239 Fig. 23E 

237 

  

  

  



US 2009/0035777 A1 Feb. 5, 2009 Sheet 27 of 75 Patent Application Publication 

24 Aig. 

245 

247 

  



US 2009/0035777 A1 2009 Sheet 28 of 75 Feb. 5 Patent Application Publication 

  



Patent Application Publication Feb. 5, 2009 Sheet 29 of 75 US 2009/0035777 A1 

Aig. 264 Alig. 26B 
NH2 

\- / -( 2 
s\-S 

Q -s O-P-O N YO 9 Hi- l. 
...-D- NT NH 

b O O o O 2 

OH OH 

Fig. 27A Aig. 27B or 
. 

My 
% O o 

O 

2. 



Patent Application Publication Feb. 5, 2009 Sheet 30 of 75 US 2009/0035777 A1 

  



Patent Application Publication Feb. 5, 2009 Sheet 31 of 75 US 2009/0035777 A1 

  



US 2009/0035777 A1 Feb. 5, 2009 Sheet 32 of 75 Patent Application Publication 

  



Patent Application Publication Feb. 5, 2009 Sheet 33 of 75 US 2009/0035777 A1 

  



Patent Application Publication Feb. 5, 2009 Sheet 34 of 75 US 2009/0035777 A1 

s 

t 

  



Patent Application Publication Feb. 5, 2009 Sheet 35 of 75 US 2009/0035777 A1 

N 

s 

- V S 
S. 

  



Patent Application Publication Feb. 5, 2009 Sheet 36 of 75 US 2009/0035777 A1 

  



Patent Application Publication Feb. 5, 2009 Sheet 37 of 75 US 2009/0035777 A1 

A. NS 

y Y 

1 2 R R 

cN 

Z O 

NX L -/f 
s 
S. 

R-OCCO-R 

  



Patent Application Publication Feb. 5, 2009 Sheet 38 of 75 US 2009/0035777 A1 

- R2 3' 

  



Patent Application Publication Feb. 5, 2009 Sheet 39 of 75 US 2009/0035777 A1 

N 
1. 

w s (yer 

  



Patent Application Publication Feb. 5, 2009 Sheet 40 of 75 US 2009/0035777 A1 

Q N 
N n 
N N & 
S. al N - ?) 

  



Patent Application Publication Feb. 5, 2009 Sheet 41 of 75 US 2009/0035777 A1 

352 

E. 351 
350 

  



Patent Application Publication Feb. 5, 2009 Sheet 42 of 75 US 2009/0035777 A1 

m 

m) 
M2 

m 
-> -> A 

1 L1 

  



Patent Application Publication Feb. 5, 2009 Sheet 43 of 75 US 2009/0035777 A1 

Q Q 
S S 
Sh s S 

N Q 
S S 
Sh S. 

  



Patent Application Publication Feb. 5, 2009 Sheet 44 of 75 US 2009/0035777 A1 

ss 

  

  



US 2009/0035777 A1 Feb. 5, 2009 Sheet 45 of 75 Patent Application Publication 



Patent Application Publication Feb. 5, 2009 Sheet 46 of 75 US 2009/0035777 A1 

Fig. 38A s 

5 
Fig. 38B 3' 

Fig. 38C s' P-OOOOOObco. OH 3 
5' 1- - OH 3" 

5' 

Bead 

3 oh-oooo-P 5' 
L3 L3 

Fig. 38D 3 oh-oodboooodboo-P 5' 
3' L2 - P 5' 

3' 

Bead 

L1 

Aig. 38E. FIG 38F 

- R3' - R3' 
- P 5' - P 5' 

L2 

  



US 2009/0035777 A1 Feb. 5, 2009 Sheet 47 of 75 Patent Application Publication 

ANH S 
YYYYYYTYWYP s 

ext: 5 
3 oh 

Alig. 39 
Zvi M.M. v.v. Mavs 

AN 
3 Armine 
S 

400 

Aig. 40 

Eraewww.aeTE Eraewwwwwww-E CŒ7}, www.ae Eraewae= Eraewwwwwa??= 

  



Patent Application Publication Feb. 5, 2009 Sheet 48 of 75 US 2009/0035777 A1 

iii. as: 

iwo 

magii, 
Oasis 

oxee sitti, 
iii; 

is 

s: sa t 

aid 
s 

  

  

  

  

  

  

  

  

  

  

  

  

  

  



Patent Application Publication Feb. 5, 2009 Sheet 49 of 75 US 2009/0035777 A1 

Aig, 41A 

r 11 

  



Patent Application Publication Feb. 5, 2009 Sheet 50 of 75 US 2009/0035777 A1 

a.iii. 
its. 

s arrier-Wil, 

MEA 
aii. 
nasal 

R. K. . . . . . - it - is 
i. 

raisi, 
mayo 
Miss 

g 

Aiji 
(iii 

tigii; 
as: 
as: 
iii. 
i. 

isii, 
risis. 

iii. 
mailisio 
MSRA 
iii. 
iii. 
aii. 

o/iii 

aii 
/. 
maji. 
mail 

iii.; 
li 

oaill 
aii; 

TNA.iii. 

Ca 

  

  

  

  

  

  

  

  

  

    

  

  



Patent Application Publication Feb. 5, 2009 Sheet 51 of 75 

- - - or a a ses, 
1 

-1 s N. M Y 
if g if v. 
If ; : 

5 oil, co 
r \, r i? M. M 

; ; ; ; ; ; : 
ii 

Odéo. kill ll i li i k . l, s A. 

o O O 0 e o O to o O O 

O O O 9 pop p 7 ooo 

oo e o to o O O 
o O p 8 

o O p (p V O p O o o O O O 
o o O O 

d e to J. 
to o o 

Y a 

8 O 8 

o O O to o e o o O o O O. 

o O to o O 8 

o o o O e o e o 
O 9 O 9 o o o o 

US 2009/0035777 A1 

  



Patent Application Publication Feb. 5, 2009 Sheet 52 of 75 US 2009/0035777 A1 

b 

-l- 

2 

O 

Q 
N cN N V 

S. i-o-1 
t 5– i-fi 

Z 

OC) - 



US 2009/0035777 A1 Feb. 5, 2009 Sheet 53 of 75 Patent Application Publication 

||| O000 * * *q-o-q-e-!!!!!!!!!! 



US 2009/0035777 A1 Feb. 5, 2009 Sheet 54 of 75 Patent Application Publication 

  



Patent Application Publication Feb. 5, 2009 Sheet 55 of 75 US 2009/0035777 A1 

  



Patent Application Publication Feb. 5, 2009 Sheet 56 of 75 US 2009/0035777 A1 

n 

a 

2. -K N f N 2 2. 

2 2 

2s2 w s 
5 R ? O 

2 
on 

5 

/ 
o 

2. Ora 

o-s, S N O 

parada oc o CD 

s 
O 

5 sg O 

5 

M -M 

Yo p O 
RNo Ro 
o GD M CD 

O=n O=a Sod MNO 



US 2009/0035777 A1 Feb. 5, 2009 Sheet 57 of 75 Patent Application Publication 

gael 

  

  



US 2009/0035777 A1 Feb. 5, 2009 Sheet 58 of 75 Patent Application Publication 

Kouen be 

--------+ 

KOuen be 

  

  



US 2009/0035777 A1 Feb. 5, 2009 Sheet 59 of 75 Patent Application Publication 

·······---···---···H··· 
cd 
war 

Kuen be) 
rar 

09 33 
Kouen be 

  

  



US 2009/0035777 A1 Feb. 5, 2009 Sheet 60 of 75 Patent Application Publication 

  



Patent Application Publication Feb. 5, 2009 Sheet 61 of 75 US 2009/0035777 A1 

Fig. 504 
Base Length Statistics 

300 i 

# of 4-mer libraries (equal sized): 1 
minimumn-mer size post melt: 16 
Mean of Base Length: 44.4111 
Mean of Base Length for top 10%: 106.1385 
Minimum Base Length for top 10%: 80 
Mean of Base Length for top 2%: 148,4528 
Minimum Base Length for top 2%: 120 

250. 

200 - 

15 O 

100. 

50 - 

Ot- i.asn.a. : -- 
O 50 100 150 200 250 300 

Base Length 

  

  



Patent Application Publication Feb. 5, 2009 Sheet 62 of 75 US 2009/0035777 A1 

Fig. 5OB 
Base Length Statistics for 2mer & 3mer postfill 

# of 4-mer libraries (equal sized): 1 
minimumn-mer size post melt: 16 J 
Mean of Base Length: 130.7234 
Mean of Base Length for top 10%: 3810543 
Minimum Base Length for top 10%: 280 
Mean of Base Length for top 2%. 554.1053 - 
Minimum Base Length for top 2%. 419 

100 

80 

w 6 O 

40. - 

- - - - - - - - 
-200 o 200 400 600 800 1000 1200 

Base Length 

  

  

  



Patent Application Publication Feb. 5, 2009 Sheet 63 of 75 US 2009/0035777 A1 

Fig. 51 
  



Patent Application Publication Feb. 5, 2009 Sheet 64 of 75 US 2009/0035777 A1 

Fig. 53 

t; sy s w Q Ns 
( N- . . . . . . . NH Nr. 
N-& FN 

4. O. v . . . . . . . NH 

C - G 

H3C O. . . . . . . . . NH2 Ns 
7 

( NH. . . . . . . N Y-N 
N-& FN 

af O- - - - - - - - - NH 

T (or U) - 2-amino A 

a - r - O ign W Ns 
(/ Y is as is is sis: 8 N: NN 
N FN N. 

C as I 

HC o. N 
NH Na N 

N-" x " 
S NH 

( No as NH Nr. 
N \=N 

2-thio C - I 

H3C O - - - - - - - -NH2 Ns 
V y-k s 

W NH. . . . . . . . S 
N \=N 

1 
T (or U) - A 

H3C p w w 8 y: Ns 
( NH-...-N Y-N- 
N- Vs N 

1 s 
2-thio T (or U) - A 

2Y-H 
N O Ns 
W Y....... NR y-N, 

N-Q FN 
1 O--------. NH 

Pyrrolopyr - G 

1N-H o N s 
( Y-....... Né Ns 
N. X N 

Pyrrolopyr - I 

2-thio C - G 



US 2009/0035777 A1 Feb. 5, 2009 Sheet 65 of 75 Patent Application Publication 

94 A9. 

  



Patent Application Publication Feb. 5, 2009 Sheet 66 of 75 US 2009/0035777 A1 

Fig. 55 Fig. 56 

  



Patent Application Publication Feb. 5, 2009 Sheet 67 of 75 US 2009/0035777 A1 

Aig, 57 

Fig. 59 
  



Patent Application Publication Feb. 5, 2009 Sheet 68 of 75 US 2009/0035777 A1 

Aig. 604 Fig. 6OB Aig. 60C 
/ B605 69 600 no. 

605. in T |-T- 601 8. S X. N K 

R- N R2 a-N f 

N K 

Aig, 6OD 
- 591 

600 Aig. 6OF 

606 58f 

  

  



Patent Application Publication Feb. 5, 2009 Sheet 69 of 75 US 2009/0035777 A1 

  

  

  

  

  



Patent Application Publication Feb. 5, 2009 Sheet 70 of 75 US 2009/0035777 A1 

Fig. 624 Aig. 62B Aig. 62C 
620 

621 ^ 624 - 620 

622, a To 620 -o 
easy-les X. T-A 

R1- N - R2 -N- K 
Xa- N K 

Fig, 62D 

Aig, 62E 

  



Patent Application Publication Feb. 5, 2009 Sheet 71 of 75 US 2009/0035777 A1 

Fig. 63.4 Aig, 63B Fig. 63C 
631 630 630 

/-633 To t 650 - a 

i- T/12 -T- 
E or "" " ' " S -N- N K 

R1- N - R2 -N'- 

Fig. 63D 

- 901 

Fig. 63E 

  

  



Patent Application Publication Feb. 5, 2009 Sheet 72 of 75 US 2009/0035777 A1 

Aig, 644 Aig, 64B Fig. 64C 

640 640 
? 647 -T- 640 - O 

Y, Pl -t-. --T 
E2 o-''''''' El N N K 

8, c-N-8, - N'- 
R1- N - R2 K 

Fig. 64D 

? i 
930 931 

  

  



US 2009/0035777 A1 Feb. 5, 2009 Sheet 73 of 75 Patent Application Publication 

Fig. 65 

/ 

  

  

      

  



Patent Application Publication Feb. 5, 2009 Sheet 74 of 75 US 2009/0035777 A1 

Fig. 66A Aig. 66B Aig. 66C 
660 ,660 

\, Tu O, 500 
s 663 N |-fi -T-- h - 
R- N R2 N'- 'egg 66i K 

660 Aig. 66E 

660 

900 

A 
669 668 

  



US 2009/0035777 A1 Feb. 5, 2009 Sheet 75 of 75 Patent Application Publication 

Fig. 67 
  



US 2009/0035777 A1 

HIGH THROUGHPUT NUCLECACD 
SEQUENCING BY EXPANSION 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

0001. The present application claims the benefit under 35 
U.S.C. S 119(e) of U.S. Provisional Patent Application No. 
60/945,031 filed on Jun. 19, 2007; U.S. Provisional Patent 
Application No. 60/981,916 filed on Oct. 23, 2007; and U.S. 
Provisional Patent Application No. 61/000,305 filed on Oct. 
25, 2007; all of which are incorporated herein by reference in 
their entireties. 

BACKGROUND 

0002 1. Technical Field 
0003. This invention is generally related to nucleic acid 
sequencing, as well as methods and products relating to the 
SaC. 

0004 2. Description of the Related Art 
0005 Nucleic acid sequences encode the necessary infor 
mation for living things to function and reproduce, and are 
essentially a blueprint for life. Determining Such sequences is 
therefore a tool useful in pure research into how and where 
organisms live, as well as in applied sciences such drug devel 
opment. In medicine, sequencing tools can be used for diag 
nosis and to develop treatments for a variety of pathologies, 
including cancer, heart disease, autoimmune disorders, mul 
tiple sclerosis, or obesity. In industry, sequencing can be used 
to design improved enzymatic processes or synthetic organ 
isms. In biology, Such tools can be used to study the health of 
ecosystems, for example, and thus have a broad range of 
utility. 
0006 An individual’s unique DNA sequence provides 
valuable information concerning their Susceptibility to cer 
tain diseases. The sequence will provide patients with the 
opportunity to Screen for early detection and to receive pre 
ventative treatment. Furthermore, given a patient's individual 
blueprint, clinicians will be capable of administering person 
alized therapy to maximize drug efficacy and to minimize the 
risk of an adverse drug response. Similarly, determining the 
blueprint of pathogenic organisms can lead to new treatments 
for infectious diseases and more robust pathogen Surveil 
lance. Whole genome DNA sequencing will provide the foun 
dation for modern medicine. 
0007 DNA sequencing is the process of determining the 
order of the chemical constituents of a given DNA polymer. 
These chemical constituents, which are called nucleotides, 
exist in DNA in four common forms: deoxyadenosine (A), 
deoxyguanosine (G), deoxycytidine (C), and deoxythymi 
dine (T). Sequencing of a diploid human genome requires 
determining the sequential order of approximately 6 billion 
nucleotides. 
0008 Currently, most DNA sequencing is performed 
using the chain termination method developed by Frederick 
Sanger. This technique, termed Sanger Sequencing, uses 
sequence specific termination of DNA synthesis and fluores 
cently modified nucleotide reporter substrates to derive 
sequence information. This method sequences a target 
nucleic acid strand, or read length, of up to 1000 bases long by 
using a modified polymerase chain reaction. In this modified 
reaction the sequencing is randomly interrupted at select base 
types (A, C, G or T) and the lengths of the interrupted 
sequences are determined by capillary gel electrophoresis. 
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The length then determines what base type is located at that 
length. Many overlapping read lengths are produced and their 
sequences are overlaid using data processing to determine the 
most reliable fit of the data. This process of producing read 
lengths of sequence is very laborious and expensive and is 
now being superseded by new methods that have higher effi 
ciency. 
0009. The Sanger method was used to provide most of the 
sequence data in the Humane Genome Project which gener 
ated the first complete sequence of the human genome. This 
project took over 10 years and nearly $3 B to complete. Given 
these significant throughput and cost limitations, it is clear 
that DNA sequencing technologies will need to improve dras 
tically in order to achieve the stated goals put forth by the 
Scientific community. To that end, a number of second gen 
eration technologies, which far exceed the throughput and 
cost per base limitations of Sanger sequencing, are gaining an 
increasing share of the sequencing market. Still, these 
"sequencing by synthesis' methods fall short of achieving the 
throughput, cost, and quality targets required by markets Such 
as whole genome sequencing for personalized medicine. 
0010 For example, 454 Life Sciences is producing instru 
ments (e.g., the Genome Sequencer) that can process 100 
million bases in 7.5 hours with an average read length of 200 
nucleotides. Their approach uses a variation of Polymerase 
Chain Reaction (“PCR) to produce a homogeneous colony 
of target nucleic acid, hundreds of bases in length, on the 
surface of a bead. This process is termed emulsion PCR. 
Hundreds of thousands of such beads are then arranged on a 
“picotiter plate'. The plate is then prepared for an additional 
sequencing whereby each nucleic acid base type is sequen 
tially washed over the plate. Beads with target that incorpo 
rate the base produce a pyrophosphate byproduct that can be 
used to catalyze a light producing reaction that is then 
detected with a camera. 

0011 Illumina Inc. has a similar process that uses revers 
ibly terminating nucleotides and fluorescent labels to perform 
nucleic acid sequencing. The average read length for Illumi 
na's 1G. Analyzer is less than 40 nucleotides. Instead of using 
emulsion PCR to amplify sequence targets, Illumina has an 
approach for amplifying PCR colonies on an array Surface. 
Both the 454 and Illumina approaches use a complicating 
polymerase amplification to increase signal strength, perform 
base measurements during the rate limiting sequence exten 
sion cycle, and have limited read lengths because of incorpo 
ration errors that degrade the measurement signal to noise 
proportionally to the read length. 
0012 Applied Biosystems uses reversible terminating 
ligation rather than sequencing-by-synthesis to read the 
DNA. Like 454's Genome Sequencer, the technology uses 
bead-based emulsion PCR to amplify the sample. Since the 
majority of the beads do not carry PCR products, the 
researchers next use an enrichment step to select beads coated 
with DNA. The biotin-coated beads are spread and immobi 
lized on a glass slide array covered with streptavidin. The 
immobilized beads are then run through a process of 8-mer 
probe hybridization (each labeled with four different fluores 
cent dyes), ligation, and cleavage (between the 5th and 6th 
bases to create a site for the next round of ligation). Each 
probe interrogates two bases, at positions 4 and 5 using a 
2-base encoding system, which is recorded by a camera. 
Similar to Illumina's approach, the average read length for 
Applied Biosystems’ SOLiD platform is less than 40 nucle 
otides. 
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0013. Other approaches are being developed to avoid the 
time and expense of the polymerase amplification step by 
measuring single molecules of DNA directly. Visigen Bio 
technologies, Inc. is measuring fluorescently labeled bases as 
they are sequenced by incorporating a second fluorophore 
into an engineered DNA polymerase and using Forster Reso 
nance Energy Transfer (FRET) for nucleotide identification. 
This technique is faced with the challenges of separating the 
signals of bases that are separated by less than a nanometer 
and by a polymerase incorporation action that will have very 
large statistical variation. 
0014) A process being developed by LingVitae sequences 
cDNA inserted into immobilized plasmid vectors. The pro 
cess uses a Class IIS restriction enzyme to cleave the target 
nucleic acid and ligate an oligomer into the target. Typically, 
one or two nucleotides in the terminal 5' or 3' overhang 
generated by the restriction enzyme determine which of a 
library of oligomers in the ligation mix will be added to the 
Sticky, cut end of the target. Each oligomer contains “signal 
sequences that uniquely identify the nucleotide(s) it replaces. 
The process of cleavage and ligation is then repeated. The 
new molecule is then sequenced using tags specific for the 
various oligomers. The product of this process is termed a 
“Design Polymer and always consists of a nucleic acid 
longer than the one it replaces (e.g., a dinucleotide target 
sequence is replaced by a “magnified’ polynucleotide 
sequence of as many as 100 base pairs). An advantage of this 
process is that the duplex product strand can be amplified if 
desired. A disadvantage is that the process is necessarily 
cyclical and the continuity of the template would be lost if 
simultaneous multiple restriction cuts were made. 
0015 U.S. Pat. No. 7,060,440 to Kless describes a 
sequencing process that involves incorporating oligomers by 
polymerization with a polymerase. A modification of the 
Sanger method, with end-terminated oligomers as Substrates, 
is used to build sequencing ladders by gel electrophoresis or 
capillary chromatography. While coupling of oligomers by 
end ligation is well known, the use of a polymerase to couple 
oligomers in a template-directed process was utilized to new 
advantage. 
0016 Polymerization techniques are expected to grow in 
power as modified polymerases (and ligases) become avail 
able through genetic engineering and bioprospecting, and 
methods for elimination of exonuclease activity by poly 
merase modification are already known. For example, Pub 
lished U.S. Patent Application 2007/0048748 to Williams 
describes the use of mutant polymerases for incorporating 
dye-labeled and other modified nucleotides. Substrates for 
these polymerases also include Y-phosphate labeled nucle 
otides. Both increased speed of incorporation and reduction 
in error rate were found with chimeric and mutant poly 
CaSS. 

0017. In addition, a large effort has been made by both 
academic and industrial teams to sequence native DNA using 
non-synthetic methods. For example, Agilent Technologies, 
Inc. along with university collaborators are developing a 
single molecule detection method that threads the DNA 
through a nanopore to make measurements as it passes 
through. As with Visigen and Ling Vitae, this method must 
overcome the problem of efficiently and accurately obtaining 
distinct signals from individual nucleobases separated by 
Sub-nanometer dimensions, as well as the problem of devel 
oping reproducible pore sizes of similar size. As such, direct 
sequencing of DNA by detection of its constituent parts has 
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yet to be achieved in a high-throughput process due to the 
Small size of the nucleotides in the chain (about 4 Angstroms 
center-to-center) and the corresponding signal to noise and 
signal resolution limitations therein. Direct detection is fur 
ther complicated by the inherent secondary structure of DNA, 
which does not easily elongate into a perfectly linear polymer. 
0018 While significant advances have been made in the 
field of DNA sequencing, there continues to be a need in the 
art for new and improved methods. The present invention 
fulfills these needs and provides further related advantages. 

BRIEF SUMMARY 

0019. In general terms, methods and corresponding 
devices and products are disclosed that overcome the spatial 
resolution challenges presented by existing high throughput 
nucleic acid sequencing techniques. This is achieved by 
encoding the nucleic acid information on a Surrogate polymer 
of extended length which is easier to detect. The surrogate 
polymer (referred to herein as an “Xpandomer') is formed by 
template directed synthesis which preserves the original 
genetic information of the target nucleic acid, while also 
increasing linear separation of the individual elements of the 
sequence data. 
0020. In one embodiment, a method is disclosed for 
sequencing a target nucleic acid, comprising: a) providing a 
daughter Strand produced by a template-directed synthesis, 
the daughter Strand comprising a plurality of Subunits 
coupled in a sequence corresponding to a contiguous nucle 
otide sequence of all or a portion of the target nucleic acid, 
wherein the individual subunits comprise a tether, at least one 
probe or nucleobase residue, and at least one selectively 
cleavable bond; b) cleaving the at least one selectively cleav 
able bond to yield an Xpandomer of a length longer than the 
plurality of the subunits of the daughter strand, the Xpand 
omer comprising the tethers and reporter elements for parsing 
genetic information in a sequence corresponding to the con 
tiguous nucleotide sequence of all or a portion of the target 
nucleic acid; and c) detecting the reporter elements of the 
Xpandomer. 
0021. In more specific embodiments, the reporter ele 
ments for parsing the genetic information may be associated 
with the tethers of the Xpandomer, with the daughter strand 
prior to cleavage of the at least one selectively cleavable bond, 
and/or with the Xpandomer after cleavage of the at least one 
selectively cleavable bond. The Xpandomer may further 
comprise all or a portion of the at least one probe or nucleo 
base residue, and the reporter elements for parsing the genetic 
information may be associated with the at least one probe or 
nucleobase residue or may be the probe or nucleobase resi 
dues themselves. Further, the selectively cleavable bond may 
be a covalent bond, an intra-tether bond, a bond between or 
within probes or nucleobase residues of the daughter Strand, 
and/or a bond between the probes or nucleobase residues of 
the daughter Strand and a target template. 
0022. In further embodiments, Xpandomers have the fol 
lowing structures (I) through (X): 
Structure (I): 
0023 
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0024 wherein 
(0025 T represents the tether: 
(0026) P represents a first probe moiety; 
10027 P. represents a second probe moiety; 
(0028. K represents the K" subunit in a chain of m sub 

units, where m is an integer greater than three; and 
0029. C. represents a species of a subunit motif selected 
from a library of subunit motifs, wherein each of the 
species comprises sequence information of the contigu 
ous nucleotide sequence of a portion of the target nucleic 
acid. 

Structure (II): 
0030 

X. — T C. 

P-P2 

0031 wherein 
0032 Trepresents the tether: 
0033 P' represents a first probe moiety; 
I0034 Prepresents a second probe moiety; 
I0035). K represents the K" subunit in a chain of m sub 

units, where m is an integer greater than three; 
0036 C. represents a species of a subunit motif selected 
from a library of subunit motifs, wherein each of the 
species comprises sequence information of the contigu 
ous nucleotide sequence of a portion of the target nucleic 
acid; and 

0037 represents a bond with the tether of an adjacent 
Subunit. 

Structure (III): 
0038 

X. C. 

T 
P I- P2 

0039 wherein 
0040 T represents the tether: 
I0041) P' represents a first probe moiety; 
I0042 P represents a second probe moiety; 
I0043. K represents the K" subunit in a chain of m sub 

units, where m is an integer greater than three; 
0044) C. represents a species of a subunit motif selected 
from a library of subunit motifs, wherein each of the 
species comprises sequence information of the contigu 
ous nucleotide sequence of a portion of the target nucleic 
acid; and 

0045 X represents a bond with the tether of an adjacent 
Subunit. 

Structure (IV): 
0046) 
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0047 wherein 
(0.048 Trepresents the tether: 
0049 P' represents a first probe moiety: 
0050 P represents a second probe moiety; 
I0051). K represents the K" subunit in a chain of m sub 

units, where m is an integer greater than three; 
0.052 C. represents a species of a subunit motif selected 
from a library of subunit motifs, wherein each of the 
species comprises sequence information of the contigu 
ous nucleotide sequence of a portion of the target nucleic 
acid; and 

0.053 represents a bond with the tether of an adjacent 
Subunit. 

Structure (V): 
0054 

Pi—- 
wherein 

0056 T represents the tether: 
I0057. K represents the K" subunit in a chain of m sub 

units, where m is an integer greater than three; 
0.058 C. represents a species of a subunit motif selected 
from a library of subunit motifs, wherein each of the 
species comprises sequence information of the contigu 
ous nucleotide sequence of a portion of the target nucleic 

0055 

acid; and 
0059 represents a bond with the tether of an adjacent 
Subunit. 

Structure (VI): 
0060 

X. T 

N 

0061 wherein 
0062 Trepresents the tether: 
0.063 N represents a nucleobase residue. 
I0064). K represents the K" subunit in a chain of m sub 

units, where m is an integer greater than ten; 
0065 C. represents a species of a subunit motif selected 
from a library of subunit motifs, wherein each of the 
species comprises sequence information of the contigu 
ous nucleotide sequence of a portion of the target nucleic 
acid; and 

0.066 X represents a bond with the tether of an adjacent 
Subunit. 

Structure (VII): 
0067 
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wherein 
0069 Trepresents the tether: 
(0070 K represents the K" subunit in a chain of m sub 

units, where m is an integer greater than ten; 
0071 C. represents a species of a subunit motif selected 
from a library of subunit motifs, wherein each of the 
species comprises sequence information of the contigu 
ous nucleotide sequence of a portion of the target nucleic 

0068 

acid; and 
0072 represents a bond with the tether of an adjacent 
Subunit. 

Structure (VIII): 
0073 

X. —t 
N 

0074 wherein 
(0075 T represents the tether: 
0076 N represents a nucleobase residue: 
(0077. K represents the K" subunit in a chain of m sub 

units, where m is an integer greater than ten; 
0078 C. represents a species of a subunit motif selected 
from a library of subunit motifs, wherein each of the 
species comprises sequence information of the contigu 
ous nucleotide sequence of a portion of the target nucleic 
acid; and 

0079 x represents a bond with the tether of an adjacent 
Subunit. 

Structure (IX): 
0080 

1. 2 C. 
X. X. T 

N 

0081 wherein 
I0082 T represents the tether: 
I0083 N represents a nucleobase residue: 
10084 K represents the K" subunit in a chain of m sub 

units, where m is an integer greater than ten; 
I0085 C. represents a species of a subunit motif selected 
from a library of subunit motifs, wherein each of the 
species comprises sequence information of the contigu 
ous nucleotide sequence of a portion of the target nucleic 
acid; 

I0086 X" represents a bond with the tether of an adjacent 
Subunit; and 

I0087 x represents an inter-tether bond. 
Structure (X): 
0088 

T 2 
-n - 
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0089 wherein 
0090 T represents the tether: 
0091 n' and n represents a first portion and a second 
portion, respectively, of a nucleobase residue, 

0092. K represents the K" subunit in a chain of m sub 
units, where m is an integer greater than ten; and 

0093. C. represents a species of a subunit motif selected 
from a library of subunit motifs, wherein each of the species 
comprises sequence information of the contiguous nucleotide 
sequence of a portion of the target nucleic acid. 
0094. In further embodiments, oligomer substrate con 
structs for use in a template directed synthesis for sequencing 
a target nucleic acid are disclosed. Oligomer Substrate con 
structs comprise a first probe moiety joined to a second probe 
moiety, each of the first and second probe moieties having an 
end group suitable for the template directed synthesis, and a 
tether having a first end and a second end with at least the first 
end of the tether joined to at least one of the first and second 
probe moieties, wherein the oligomer Substrate construct 
when used in the template directed synthesis is capable of 
forming a daughter strand comprising a constrained Xpand 
omer and having a plurality of subunits coupled in a sequence 
corresponding to the contiguous nucleotide sequence of all or 
a portion of the target nucleic acid, wherein the individual 
Subunits comprise a tether, the first and second probe moieties 
and at least one selectively cleavable bond. 
0.095. In another embodiment, monomer substrate con 
structs for use in a template directed synthesis for sequencing 
a target nucleic acid are disclosed. Monomer Substrate con 
structs comprise a nucleobase residue with end groups Suit 
able for the template directed synthesis, and a tether having a 
first end and a second end with at least the first end of the 
tether joined to the nucleobase residue, wherein the monomer 
Substrate construct when used in the template directed Syn 
thesis is capable of forming a daughter Strand comprising a 
constrained Xpandomer and having a plurality of Subunits 
coupled in a sequence corresponding to the contiguous nucle 
otide sequence of all or a portion of the target nucleic acid, 
wherein the individual subunits comprise a tether, the nucleo 
base residue and at least one selectively cleavable bond. 
0096. In yet further embodiments, template-daughter 
Strand duplexes are disclosed comprising a daughter Strand 
duplexed with a template strand, as well as to methods for 
forming the same from the template strand and the oligomer 
or monomer Substrate constructs. 

(0097. These and other aspects of the invention will be 
apparent upon reference to the attached drawings and follow 
ing detailed description. To this end, various references are set 
forth herein which describe in more detail certain procedures, 
compounds and/or compositions, and are hereby incorpo 
rated by reference in their entirety. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0098. In the figures, identical reference numbers identify 
similar elements. The sizes and relative positions of elements 
in the figures are not necessarily drawn to Scale and Some of 
these elements are arbitrarily enlarged and positioned to 
improve figure legibility. Further, the particular shapes of the 
elements as drawn are not intended to convey any information 
regarding the actual shape of the particular elements, and 
have been solely selected for ease of recognition in the fig 
U.S. 
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0099 FIGS. 1A and 1B illustrate the limited separation 
between nucleobases that must be resolved in order to deter 
mine the sequence of nucleotides in a nucleic acid target. 
0100 FIGS. 2A through 2D illustrate schematically sev 
eral representative structures of substrates useful in the inven 
tion. 
0101 FIGS. 3A, 3B and 3C are schematics illustrating 
simplified steps for synthesizing an Xpandomer from a target 
nucleic acid. 
0102 FIG. 4 is a simple model illustrating a FRET nan 
opore-type device for sequencing an Xpandomer. 
0103 FIG.5 is a plot with channels for red, green, and blue 
fluorescence emissions, and illustrates how analog signals 
can be decoded into digital information that corresponds to 
the genetic sequence information encoded in an Xpandomer. 
The accompanying table (FIG. 6) shows how the data is 
decoded. By employing three multi-state fluorophores, the 
sequence of bases can be read with high resolution in digital 
form from a single molecule in real time as the Xpandomer 
spools through the nanopore. 
0104 FIG. 6 is a look-up table from which the data of FIG. 
5 is derived. 
0105 FIGS. 7A-E are gels of ligation products. 
0106 FIG. 8 is an overview of oligomeric Xpandomers. 
0107 FIG. 9 is an overview of monomeric Xpandomers. 
0108 FIGS. 10A through 10E depict Class IXpandomers, 
intermediates and precursors in a symbolic and graphical 
form. These precursors are termed Xprobes if monophos 
phates and Xmers if triphosphates. 
0109 FIG. 11 is a condensed schematic of a method for 
synthesis of an Xpandomer by Solution ligation using an 
end-terminated hairpin primer and Class I Substrate con 
StructS. 

0110 FIG. 12 is a condensed schematic of a method for 
synthesis of an Xpandomer by solution ligation using a 
double-ended hairpin primer and Class I Substrate constructs. 
0111 FIG. 13 is a condensed schematic of a method for 
synthesis of an Xpandomer by ligation on an immobilized 
template, without primers, using Class I Substrate constructs. 
0112 FIG. 14 is a condensed schematic of a method for 
synthesis of an Xpandomer by cyclical stepwise ligation 
using reversibly terminated Class I Substrate constructs on 
templates annealed to immobilized primers. 
0113 FIG. 15 is a condensed schematic of a method for 
synthesis of an Xpandomer by promiscuous assembly and 
chemical coupling using Class I Substrate constructs without 
primers. 
0114 FIG. 16 is a condensed schematic of a method for 
synthesis of an Xpandomer by Solution polymerization using 
a hairpin primer and Class I triphosphate Substrate constructs. 
0115 FIG. 17 is a condensed schematic of a method for 
synthesis of an Xpandomeron an immobilized template using 
Class I triphosphate Substrate constructs and a polymerase. 
0116 FIGS. 18A through 18.E depict a Class II Xpand 
omer, Xpandomer intermediate, and Substrate construct in a 
symbolic and graphical language. 
0117 FIGS. 19A through 19E depict a Class III Xpand 
omer, Xpandomer intermediate and Substrate construct in a 
symbolic and graphical language. 
0118 FIG. 20 is a condensed schematic of a method for 
synthesis of an Xpandomeron an immobilized template using 
Class II Substrate constructs combining hybridization and 
primer-less chemical coupling. 
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0119 FIG. 21 is a condensed schematic of a method for 
synthesis of an Xpandomeronan immobilized template using 
a primer, Class II Substrate constructs and a ligase. 
I0120 FIGS. 22A through 22E depict a Class IV Xpand 
omer, Xpandomer intermediate, and Substrate construct in a 
symbolic and graphical form. 
I0121 FIGS. 23A through 23E depict a Class V Xpand 
omer, Xpandomer intermediate, and Substrate construct in a 
symbolic and graphical form. 
0.122 FIG. 24 is a condensed schematic of a method for 
synthesis of an Xpandomer by Solution polymerization using 
an adapter primer and Class V triphosphate Substrate con 
StructS. 

I0123 FIG. 25 illustrates structures of deoxyadenosine 
(A), deoxycytosine (C), deoxyguanosine (G), and deoxythy 
midine (T). 
0.124 FIGS. 26A and 26B illustrate nucleotides deriva 
tized with functional groups. 
(0.125 FIGS. 27A and 27B illustrate probe members incor 
porating derivatized nucleobases. 
(0.126 FIGS. 28A through 28D illustrate in more detail 
Class I-IV substrates of the invention, here showing examples 
of selectively cleavable bond cleavage sites in the probe back 
bone and indicating loop end linkages bridging the cleavage 
sites. 
(O127 FIGS. 29A through 29D illustrate in more detail 
Class I-IV substrates of the invention, here showing examples 
of selectively cleavable bond cleavage sites in the probe back 
bone and indicating loop end linkages bridging the cleavage 
sites. 
I0128 FIG. 30 illustrates one method of assembling a 
“probe-loop' construct, such as an Xprobe or an Ximer. 
I0129 FIG. 31 illustrates a method of assembling a Class I 
Substrate construct, where the loop contains reporter con 
StructS. 

I0130 FIGS. 32A through 32C illustrate use of PEG as a 
polymeric tether. 
I0131 FIGS. 33A through 33D illustrate poly-lysine as a 
polymeric tether and dendrimeric constructs derived from 
poly-lysine Scaffolds. 
(0132 FIGS. 34A through 34C illustrate selected methods 
of tether loop closure integrated with reporter construct 
assembly from segments. 
(0.133 FIGS. 35A and 35B illustrate a method for synthesis 
of an individual reporter segment by randomized polymer 
ization of precursor blocks. 
I0134 FIGS. 36A through 361 illustrate reporter con 
StructS. 

0.135 FIG. 37 is a table showing composition and chemi 
cal methods for assembling reporter constructs and their cor 
responding reporter codes. 
(0.136 FIGS.38A through.38F are adaptors suitable foruse 
in end-functionalization of target nucleic acids. 
0.137 FIG. 39 is an adaptor cassette for introducing a 
terminal ANH functional group on a dsDNA template. 
0.138 FIG. 40 is a schema for immobilizing and preparing 
a template for synthesis of an Xpandomer. 
I0139 FIGS. 41A through 41E illustrate selected physical 
stretching methods. 
0140 FIGS. 42A through 42C illustrate selected electros 
tretching methods. 
0141 FIGS. 43A through 43D illustrate methods, 
reagents, and adaptors for stretching in gel matrices. 
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0142 FIGS. 44A through 44C describes construction and 
use of "drag tags'. 
0143 FIG. 45 describes a promiscuous hybridization/li 
gation based method for synthesizing an Xpandomer. 
014.4 FIGS. 46A and B describe nucleobases used for gap 

filling. 
0145 FIGS. 47A and B describe simulations of gap occur 
CC. 

0146 FIGS. 48A and B describe simulations of gap occur 
CC. 

0147 FIG. 49 illustrates how gaps are filled with 2mers 
and 3mers. 
0148 FIGS. 50A and B describe gap filling simulations 
using combinations of 2mers and 3mers. 
0149 FIG. 51 illustrates the use of 2mer and 3mer adju 
vants to disrupt secondary structure. 
0150 FIG. 52 describes bases useful as adjuvants. 
0151 FIG. 53 describes nucleotide substitutions used to 
reduce secondary structure. 
0152 FIG. 54 describes a nanopore detection model with 
magnetic bead transport. 
0153 FIG. 55 illustrates a conventional nanopore detec 
tion method. 
0154 FIG. 56 illustrates a transverse electrode nanopore 
detection method. 
(O155 FIG. 57 illustrates a microscopic detection method. 
0156 FIG. 58 illustrates detection by electron micros 
copy. 
(O157 FIG. 59 illustrates detection using atomic force 
microscopy. 
0158 FIGS. 60A through 60E depict a Class VI Xpand 
omer, Xpandomer intermediate, and Substrate construct in a 
symbolic and graphical language. These precursors are 
termed RT-NTPs. 
0159 FIG. 61 is a condensed schematic of a method for 
synthesis of an Xpandomeron an immobilized template using 
reversibly terminated Class VI triphosphate substrate con 
structs and a polymerase. 
(0160 FIGS. 62A through 62E depict a Class VII Xpand 
omer, Xpandomer intermediate, and Substrate construct in a 
symbolic and graphical language. These precursors are 
termed RT-NTPs. 
(0161 FIGS. 63A through 63E depict a Class VIII Xpan 
domer, Xpandomer intermediate, and Substrate construct in a 
symbolic and graphical language. These precursors are 
termed RT-NTPs. 
0162 FIGS. 64A through 64E depict a Class IX Xpand 
omer, Xpandomer intermediate, and Substrate construct in a 
symbolic and graphical language. These precursors are 
termed RT-NTPs. 
0163 FIG. 65 is a condensed schematic of a method for 
synthesis of an Xpandomeron an immobilized template using 
Class IX triphosphate Substrate constructs and a polymerase. 
0164 FIGS. 66A through 66E depict a Class X Xpand 
omer, Xpandomer intermediate, and Substrate construct in a 
symbolic and graphical language. These precursors are 
termed XNTPs. 
0165 FIG. 67 is a condensed schematic of a method for 
synthesis of an Xpandomer by Solution polymerization using 
a hairpin primer and Class X triphosphate Substrate con 
StructS. 

DETAILED DESCRIPTION 

0166 In the following description, certain specific details 
are set forth in order to provide a thorough understanding of 
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various embodiments. However, one skilled in the art will 
understand that the invention may be practiced without these 
details. In other instances, well-known structures have not 
been shown or described in detail to avoid unnecessarily 
obscuring descriptions of the embodiments. Unless the con 
text requires otherwise, throughout the specification and 
claims which follow, the word “comprise' and variations 
thereof, such as, “comprises” and “comprising are to be 
construed in an open, inclusive sense, that is, as “including, 
but not limited to.” Further, headings provided herein are for 
convenience only and do not interpret the scope or meaning of 
the claimed invention. 
0.167 Reference throughout this specification to “one 
embodiment' or “an embodiment’ means that a particular 
feature, structure or characteristic described in connection 
with the embodiment is included in at least one embodiment. 
Thus, the appearances of the phrases “in one embodiment” or 
“in an embodiment' in various places throughout this speci 
fication are not necessarily all referring to the same embodi 
ment. Furthermore, the particular features, structures, or 
characteristics may be combined in any suitable manner in 
one or more embodiments. Also, as used in this specification 
and the appended claims, the singular forms “a” “an and 
“the include plural referents unless the content clearly dic 
tates otherwise. It should also be noted that the term 'or' is 
generally employed in its sense including “and/or unless the 
content clearly dictates otherwise. 

DEFINITIONS 

(0168 As used herein, and unless the context dictates oth 
erwise, the following terms have the meanings as specified 
below. 

0169. "Nucleobase' is a heterocyclic base such as 
adenine, guanine, cytosine, thymine, uracil, inosine, Xan 
thine, hypoxanthine, or a heterocyclic derivative, analog, or 
tautomer thereof. A nucleobase can be naturally occurring or 
synthetic. Non-limiting examples of nucleobases are adenine, 
guanine, thymine, cytosine, uracil, Xanthine, hypoxanthine, 
8-azapurine, purines substituted at the 8 position with methyl 
or bromine, 9-oxo-N6-methyladenine, 2-aminoadenine, 
7-deaZaxanthine, 7-deazaguanine, 7-deaza-adenine, 
N4-ethanocytosine, 2,6-diaminopurine, N6-ethano-2,6-di 
aminopurine, 5-methylcytosine, 5-(C3-C6)-alkynylcytosine, 
5-fluorouracil, 5-bromouracil, thiouracil, pseudoisocytosine, 
2-hydroxy-5-methyl-4-triazolopyridine, isocytosine, isogua 
nine, inosine, 7,8-dimethylalloxazine, 6-dihydrothymine, 
5,6-dihydrouracil, 4-methyl-indole, ethenoadenine and the 
non-naturally occurring nucleobases described in U.S. Pat. 
Nos. 5.432.272 and 6,150,510 and PCT applications WO 
92/002258, WO 93/10820, WO 94/22892, and WO94/24144, 
and Fasman (“Practical Handbook of Biochemistry and 
Molecular Biology', pp. 385-394, 1989, CRC Press, Boca 
Raton, LO), all herein incorporated by reference in their 
entireties. 

(0170 “Nucleobase residue' includes nucleotides, nucleo 
sides, fragments thereof, and related molecules having the 
property of binding to a complementary nucleotide. Deoxy 
nucleotides and ribonucleotides, and their various analogs, 
are contemplated within the scope of this definition. Nucleo 
base residues may be members of oligomers and probes. 
“Nucleobase' and “nucleobase residue' may be used inter 
changeably herein and are generally synonymous unless con 
text dictates otherwise. 
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0171 "Polynucleotides', also called nucleic acids, are 
covalently linked series of nucleotides in which the 3' position 
of the pentose of one nucleotide is joined by a phosphodiester 
group to the 5' position of the next. DNA (deoxyribonucleic 
acid) and RNA (ribonucleic acid) are biologically occurring 
polynucleotides in which the nucleotide residues are linked in 
a specific sequence by phosphodiester linkages. As used 
herein, the terms “polynucleotide' or "oligonucleotide' 
encompass any polymer compound having a linear backbone 
of nucleotides. Oligonucleotides, also termed oligomers, are 
generally shorter chained polynucleotides. 
0172 “Complementary’ generally refers to specific 
nucleotide duplexing to form canonical Watson-Crick base 
pairs, as is understood by those skilled in the art. However, 
complementary as referred to herein also includes base-pair 
ing of nucleotide analogs, which include, but are not limited 
to. 2'-deoxyinosine and 5-nitroindole-2'-deoxyriboside, 
which are capable of universal base-pairing with A, T, G or C 
nucleotides and locked nucleic acids, which enhance the ther 
mal stability of duplexes. One skilled in the art will recognize 
that hybridization stringency is a determinant in the degree of 
match or mismatch in the duplex formed by hybridization. 
0173 "Nucleic acid' is a polynucleotide or an oligonucle 
otide. A nucleic acid molecule can be deoxyribonucleic acid 
(DNA), ribonucleic acid (RNA), or a combination of both. 
Nucleic acids are generally referred to as “target nucleic 
acids’ or “target sequence' if targeted for sequencing. 
Nucleic acids can be mixtures or pools of molecules targeted 
for sequencing. 
0174 “Probe' is a short strand of nucleobase residues, 
referring generally to two or more contiguous nucleobase 
residues which are generally single-stranded and comple 
mentary to a target sequence of a nucleic acid. As embodied in 
“Substrate Members' and “Substrate Constructs', probes can 
be up to 20 nucleobase residues in length. Probes may include 
modified nucleobase residues and modified intra-nucleobase 
bonds in any combination. Backbones of probes can be linked 
together by any of a number of types of covalent bonds, 
including, but not limited to, ester, phosphodiester, phos 
phoramide, phosphonate, phosphorothioate, phosphorothi 
olate, amide bond and any combination thereof. The probe 
may also have 5' and 3' end linkages that include, but are not 
limited to, the following moieties: monophosphate, triphos 
phate, hydroxyl, hydrogen, ester, ether, glycol, amine, amide, 
and thioester. 
(0175 “Selective hybridization” refers to specific comple 
mentary binding. Polynucleotides, oligonucleotides, probes, 
nucleobase residues, and fragments thereof selectively 
hybridize to target nucleic acid strands, under hybridization 
and wash conditions that minimize nonspecific binding. As 
known in the art, high Stringency conditions can be used to 
achieve selective hybridization conditions favoring a perfect 
match. Conditions for hybridization Such as Salt concentra 
tion, temperature, detergents, PEG, and GC neutralizing 
agents such as betaine can be varied to increase the stringency 
of hybridization, that is, the requirement for exact matches of 
C to base pair with G, and A to base pair with Tor U, along a 
contiguous strand of a duplex nucleic acid. 
0176 “Template-directed synthesis”, “template-directed 
assembly', “template-directed hybridization”, “template-di 
rected binding and any other template-directed processes, 
refer to a process whereby nucleobase residues or probes bind 
selectively to a complementary target nucleic acid, and are 
incorporated into a nascent daughter Strand. A daughter 
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Strand produced by a template-directed synthesis is comple 
mentary to the single-stranded target from which it is synthe 
sized. It should be noted that the corresponding sequence of a 
target strand can be inferred from the sequence of its daughter 
strand, if that is known. “Template-directed polymerization” 
and “template-directed ligation” are special cases of tem 
plate-directed synthesis whereby the resulting daughter 
Strand is polymerized or ligated, respectively. 
0177 "Contiguous” indicates that a sequence continues 
without interruption or missed nucleobase. The contiguous 
sequence of nucleotides of the template strand is said to be 
complementary to the contiguous sequence of the daughter 
Strand. 
0.178 “Substrates' or “substrate members’ are oligomers, 
probes or nucleobase residues that have binding specificity to 
the target template. The Substrates are generally combined 
with tethers to form substrate constructs. Substrates of Sub 
strate constructs that form the primary backbone of the 
daughter Strand are also substrates or Substrate members of 
the daughter Strand. 
0179. “Substrate constructs are reagents for template 
directed synthesis of daughter Strands, and are generally pro 
vided in the form of libraries. Substrate constructs generally 
contain a Substrate member for complementary binding to a 
target template and either a tether member or tether attach 
ment sites to which a tether may be bonded. Substrate con 
structs are provided in a variety of forms adapted to the 
invention. Substrate constructs include both "oligomeric sub 
strate constructs” (also termed “probe substrate constructs”) 
and “monomeric substrate constructs” (also termed “nucleo 
base substrate constructs”). 
0180 “Subunit motif or “motif refers to a repeating 
Subunit of a polymer backbone, the subunit having an overall 
form characteristic of the repeating Subunits, but also having 
species-specific elements that encode genetic information. 
Motifs of complementary nucleobase residues are repre 
sented in libraries of Substrate constructs according to the 
number of possible combinations of the basic complementary 
sequence binding nucleobase elements in each motif. If the 
nucleobase binding elements are four (e.g., A, C, G, and T). 
the number of possible motifs of combinations of four ele 
ments is 4, where X is the number of nucleobase residues in 
the motif. However, other motifs based on degenerate pairing 
bases, on the substitution of uracil for thymidine in ribo 
nucleobase residues or other sets of nucleobase residues, can 
lead to larger libraries (or smaller libraries) of motif-bearing 
Substrate constructs. Motifs are also represented by species 
specific reporter constructs, such as the reporters making up a 
reporter tether. Generally there is a one-to-one correlation 
between the reporter construct motif identifying a particular 
Substrate species and the binding complementarity and speci 
ficity of the motif. 
0181 Xpandomer intermediate' is an intermediate prod 
uct (also referred to herein as a “daughter strand') assembled 
from Substrate constructs, and is formed by a template-di 
rected assembly of Substrate constructs using a target nucleic 
acid template. Optionally, other linkages between abutted 
Substrate constructs are formed which may include polymer 
ization or ligation of the Substrates, tether-to-tether linkages 
or tether-to-substrate linkages. The Xpandomer intermediate 
contains two structures; namely, the constrained Xpandomer 
and the primary backbone. The constrained Xpandomer.com 
prises all of the tethers in the daughter Strand but may com 
prise all, a portion or none of the Substrate as required by the 



US 2009/0035777 A1 

method. The primary backbone comprises all of the abutted 
substrates. Under the process step in which the primary back 
bone is fragmented or dissociated, the constrained Xpand 
omer is no longer constrained and is the Xpandomer product 
which is extended as the tethers are stretched out. "Duplex 
daughter strand refers to an Xpandomer intermediate that is 
hybridized or duplexed to the target template. 
0182 “Primary backbone' refers to a contiguous or seg 
mented backbone of substrates of the daughter strand. A 
commonly encountered primary backbone is the ribosyl 5'-3' 
phosphodiester backbone of a native polynucleotide. How 
ever, the primary backbone of an daughter strand may contain 
analogs of nucleobases and analogs of oligomers not linked 
by phosphodiester bonds or linked by a mixture of phosphodi 
ester bonds and other backbone bonds, which include, but are 
not limited to following linkages: phosphorothioate, phos 
phorothiolate, phosphonate, phosphoramidate, and peptide 
nucleic acid “PNA' backbone bonds which include 
phosphono-PNA, serine-PNA, hydroxyproline-PNA, and 
combinations thereof. Where the daughter strand is in its 
duplex form (i.e., duplex daughter strand), and Substrates are 
not covalently bonded between the subunits, the substrates 
are nevertheless contiguous and form the primary backbone 
of the daughter Strand. 
0183 “Constrained Xpandomer' is an Xpandomer in a 
configuration before it has been expanded. The constrained 
Xpandomer comprises all tether members of the daughter 
Strand. It is constrained from expanding by at least one bond 
or linkage per tether attaching to the primary backbone. Dur 
ing the expansion process, the primary backbone of the 
daughter strand is fragmented or dissociated to transform the 
constrained Xpandomer into an Xpandomer. 
0184 “Constrained Xpandomer backbone' refers to the 
backbone of the constrained Xpandomer. It is a synthetic 
covalent backbone co-assembled along with the primary 
backbone in the formation of the daughter strand. In some 
cases both backbones may not be discrete but may both have 
the same substrate or portions of the substrate in their com 
position. The constrained Xpandomer backbone always com 
prises the tethers whereas the primary backbone comprises no 
tether members. 
0185. “Xpandomer' or “Xpandomer product is a syn 

thetic molecular construct produced by expansion of a con 
strained Xpandomer, which is itself synthesized by template 
directed assembly of substrate constructs. The Xpandomer is 
elongated relative to the target template it was produced from. 
It is composed of a concatenation of subunits, each Subunit a 
motif, each motif a member of a library, comprising sequence 
information, a tether and optionally, a portion, or all of the 
substrate, all of which are derived from the formative sub 
strate construct. The Xpandomer is designed to expand to be 
longer than the target template thereby lowering the linear 
density of the sequence information of the target template 
along its length. In addition, the Xpandomer optionally pro 
vides a platform for increasing the size and abundance of 
reporters which in turn improves signal to noise for detection. 
Lower linear information density and stronger signals 
increase the resolution and reduce sensitivity requirements to 
detect and decode the sequence of the template strand. 
0186. “Selectively cleavable bond” refers to a bond which 
can be broken under controlled conditions such as, for 
example, conditions for selective cleavage of a phosphorothi 
olate bond, a photocleavable bond, a phosphoramide bond, a 
3'-O-B-D-ribofuranosyl-2' bond, a thioether bond, a sele 
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noether bond, a sulfoxide bond, a disulfide bond, deoxyribo 
syl-5'-3' phosphodiester bond, or a ribosyl-5'-3' phosphodi 
ester bond, as well as other cleavable bonds known in the art. 
A selectively cleavable bond can be an intra-tether bond or 
between or within a probe or a nucleobase residue or can be 
the bond formed by hybridization between a probe and a 
template strand. Selectively cleavable bonds are not limited to 
covalent bonds, and can be non-covalent bonds or associa 
tions, such as those based on hydrogen bonds, hydrophobic 
bonds, ionic bonds, pi-bond ring stacking interactions, Van 
der Waals interactions, and the like. 
0187. “Moiety' is one of two or more parts into which 
Something may be divided. Such as, for example, the various 
parts of a tether, a molecule or a probe. 
0188 “Tether” or “tether member” refers to a polymer or 
molecular construct having a generally linear dimension and 
with an end moiety at each of two opposing ends. A tether is 
attached to a substrate with a linkage in at least one end 
moiety to form a substrate construct. The end moieties of the 
tether may be connected to cleavable linkages to the substrate 
or cleavable intra-tether linkages that serve to constrain the 
tether in a “constrained configuration'. After the daughter 
Strand is synthesized, each end moiety has an end linkage that 
couples directly or indirectly to other tethers. The coupled 
tethers comprise the constrained Xpandomer that further 
comprises the daughter strand. Tethers have a “constrained 
configuration' and an “expanded configuration'. The con 
strained configuration is found in Substrate constructs and in 
the daughter strand. The constrained configuration of the 
tether is the precursor to the expanded configuration, as found 
in Xpandomer products. The transition from the constrained 
configuration to the expanded configuration results cleaving 
of selectively cleavable bonds that may be within the primary 
backbone of the daughter Strand or intra-tether linkages. A 
tether in a constrained configuration is also used where a 
tether is added to form the daughter strand after assembly of 
the “primary backbone'. Tethers can optionally comprise one 
or more reporters or reporter constructs along its length that 
can encode sequence information of Substrates. The tether 
provides a means to expand the length of the Xpandomer and 
thereby lower the sequence information linear density. 
0189 "Tether constructs are tethers or tether precursors 
composed of one or more tether segments or other architec 
tural components for assembling tethers such as reporter con 
structs, or reporter precursors, including polymers, graft 
copolymers, block copolymers, affinity ligands, oligomers, 
haptens, aptamers, dendrimers, linkage groups or affinity 
binding group (e.g., biotin). 
(0190. “Tether element” or “tether segment” is a polymer 
having a generally linear dimension with two terminal ends, 
where the ends form end-linkages for concatenating the tether 
elements. Tether elements may be segments of tether con 
structs. Such polymers can include, but are not limited to: 
polyethylene glycols, polyglycols, polypyridines, polyiso 
cyanides, polyisocyanates, poly(triarylmethyl)methacry 
lates, polyaldehydes, polypyrrolinones, polyureas, polygly 
col phosphodiesters, polyacrylates, polymethacrylates, 
polyacrylamides, polyvinyl esters, polystyrenes, polyamides, 
polyurethanes, polycarbonates, polybutyrates, polybuta 
dienes, polybutyrolactones, polypyrrolidinones, polyvi 
nylphosphonates, polyacetamides, polysaccharides, polyhy 
aluranates, polyamides, polyimides, polyesters, 
polyethylenes, polypropylenes, polystyrenes, polycarbon 
ates, polyterephthalates, polysilanes, polyurethanes, poly 
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ethers, polyamino acids, polyglycines, polyprolines, N-Sub 
stituted polylysine, polypeptides, side-chain N-Substituted 
peptides, poly-N-Substituted glycine, peptoids, side-chain 
carboxyl-substituted peptides, homopeptides, oligonucle 
otides, ribonucleic acid oligonucleotides, deoxynucleic acid 
oligonucleotides, oligonucleotides modified to prevent Wat 
son-Crick base pairing, oligonucleotide analogs, polycyti 
dylic acid, polyadenylic acid, polyuridylic acid, polythymi 
dine, polyphosphate, polynucleotides, polyribonucleotides, 
polyethylene glycol-phosphodiesters, peptide polynucle 
otide analogues, threosyl-polynucleotide analogues, glycol 
polynucleotide analogues, morpholino-polynucleotide ana 
logues, locked nucleotide oligomer analogues, polypeptide 
analogues, branched polymers, comb polymers, star poly 
mers, dendritic polymers, random, gradient and block 
copolymers, anionic polymers, cationic polymers, polymers 
forming stem-loops, rigid segments and flexible segments. 
(0191) “Peptide nucleic acid” or “PNA' is a nucleic acid 
analog having nucleobase residues Suitable for hybridization 
to a nucleic acid, but with a backbone that comprises amino 
acids or derivatives or analogs thereof. 
(0192 “Phosphono-peptide nucleic acid” or “pPNA' is a 
peptide nucleic acid in which the backbone comprises amino 
acid analogs, such as N-(2-hydroxyethyl)phosphonoglycine 
or N-(2-aminoethyl)phosphonoglycine, and the linkages 
between nucleobase units are through phosphonoester or 
phosphonoamide bonds. 
(0193 “Serine nucleic acid” or “SerNA' is a peptide 
nucleic acid in which the backbone comprises serine residues. 
Such residues can be linked through amide or ester linkages. 
(0194 “Hydroxyproline nucleic acid” or “HypNA' is a 
peptide nucleic acid in which the backbone comprises 4-hy 
droxyproline residues. Such residues can be linked through 
amide or ester linkages. 
0.195 “Reporter element' is a signaling element, molecu 
lar complex, compound, molecule or atom that is also com 
prised of an associated “reporter detection characteristic'. 
Other reporter elements include, but are not limited to, FRET 
resonant donor or acceptor, dye, quantum dot, bead, den 
drimer, upconverting fluorophore, magnet particle, electron 
scatterer (e.g., boron), mass, gold bead, magnetic resonance, 
ionizable group, polar group, hydrophobic group. Still others 
are fluorescent labels, such as but not limited to, ethidium 
bromide, SYBR Green, Texas Red, acridine orange, pyrene, 
4-nitro-1,8-naphthalimide, TOTO-1, YOYO-1, cyanine 3 
(Cy3), cyanine 5 (Cy5), phycoerythrin, phycocyanin, allo 
phycocyanin, FITC, rhodamine, 5(6)-carboxyfluorescein, 
fluorescent proteins, DOXYL (N-oxyl-4,4-dimethyloxazoli 
dine), PROXYL (N-oxyl-2.2.5.5-tetramethylpyrrolidine), 
TEMPO (N-oxyl-2.2.6,6-tetramethylpiperidine), dinitrophe 
nyl, acridines, coumarins, Cy3 and Cy5 (Biological Detection 
Systems, Inc.), erytrosine, coumaric acid, umbelliferone, 
texas red rhodaine, tetramethylrhodamin, Rox, 7-nitrobenzo 
1-Oxa-1-diazole (NBD), oxazole, thiazole, pyrene, fluores 
cein or lanthamides; also radioisotopes (such as P, H, C, 
S, 'I, P or ''I), ethidium, Europium, Ruthenium, and 

Samarium or other radioisotopes; or mass tags. Such as, for 
example, pyrimidines modified at the C5 position or purines 
modified at the N7 position, wherein mass modifying groups 
can be, for examples, halogen, ether or polyether, alkyl, ester 
or polyester, or of the general type XR, wherein X is a linking 
group and R is a mass-modifying group, chemiluminescent 
labels, spin labels, enzymes (such as peroxidases, alkaline 
phosphatases, beta-galactosidases, and oxidases), antibody 
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fragments, and affinity ligands (such as an oligomer, hapten, 
and aptamer). Association of the reporter element with the 
tether can be covalent or non-covalent, and director indirect. 
Representative covalent associations include linker and Zero 
linker bonds. Included are bonds to the tether backbone or to 
a tether-bonded element such as a dendrimer or sidechain. 
Representative non-covalent bonds include hydrogen bonds, 
hydrophobic bonds, ionic bonds, pi-bond ring stacking, Van 
der Waals interactions, and the like. Ligands, for example, are 
associated by specific affinity binding with binding sites on 
the reporter element. Direct association can take place at the 
time of tether synthesis, after tether synthesis, and before or 
after Xpandomer synthesis. 
0196. A “reporter is composed of one or more reporter 
elements. Reporters include what are known as "tags' and 
“labels.” The probe or nucleobase residue of the Xpandomer 
can be considered a reporter. Reporters serve to parse the 
genetic information of the target nucleic acid. 
0197) “Reporter construct” comprises one or more report 
ers that can produce a detectable signal(s), wherein the detect 
able signal(s) generally contain sequence information. This 
signal information is termed the “reporter code” and is sub 
sequently decoded into genetic sequence data. A reporter 
construct may also comprise tether segments or other archi 
tectural components including polymers, graft copolymers, 
block copolymers, affinity ligands, oligomers, haptens, 
aptamers, dendrimers, linkage groups or affinity binding 
group (e.g., biotin). 
(0198 “Reporter detection characteristic” referred to as the 
“signal describes all possible measurable or detectable ele 
ments, properties or characteristics used to communicate the 
genetic sequence information of a reporter directly or indi 
rectly to a measurement device. These include, but are not 
limited to, fluorescence, multi-wavelength fluorescence, 
emission spectrum fluorescence quenching, FRET, emission, 
absorbance, reflectance, dye emission, quantum dot emis 
Sion, bead image, molecular complex image, magnetic Sus 
ceptibility, electron scattering, ion mass, magnetic resonance, 
molecular complex dimension, molecular complex imped 
ance, molecular charge, induced dipole, impedance, molecu 
lar mass, quantum state, charge capacity, magnetic spin state, 
inducible polarity, nuclear decay, resonance, or complemen 
tarity. 
0199 “Reporter Code' is the genetic information from a 
measured signal of a reporter construct. The reporter code is 
decoded to provide sequence-specific genetic information 
data. 
0200 Xprobe' is an expandable oligomeric substrate 
construct. Each Xprobe has a probe member and a tether 
member. The tether member generally having one or more 
reporter constructs. Xprobes with 5'-monophosphate modifi 
cations are compatible with enzymatic ligation-based meth 
ods for Xpandomer synthesis. Xprobes with 5' and 3' linker 
modifications are compatible with chemical ligation-based 
methods for Xpandomer synthesis. 
0201 Xmer' is an expandable oligomeric substrate con 
struct. Each Xmer has an oligomeric Substrate member and a 
tether member, the tether member generally having one or 
more reporter constructs. Xmers are 5'-triphosphates compat 
ible with polymerase-based methods for synthesizing Xpan 
domers. 
(0202) “RT-NTP” is an expandable, 5' triphosphate-modi 
fied nucleotide substrate construct ("monomeric substrate') 
compatible with template dependant enzymatic polymeriza 
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tion. An RT-NTP has a modified deoxyribonucleotide triph 
osphate (“DNTP), ribonucleotide triphosphate (“RNTP), 
or a functionally equivalent analog substrate, collectively 
referred to as the nucleotide triphosphate substrate (“NTPS). 
An RT-NTP has two distinct functional components; namely, 
a nucleobase 5'-triphosphate and a tether or tether precursor. 
After formation of the daughter strand the tether is attached 
between each nucleotide at positions that allow for controlled 
RT expansion. In one class of RTNTP (e.g., Class IX), the 
tether is attached after RTNTP polymerization. In some 
cases, the RT-NTP has a reversible end terminator and a tether 
that selectively crosslinks directly to adjacent tethers. Each 
tether can be uniquely encoded with reporters that specifi 
cally identify the nucleotide to which it is tethered. 
0203 “XNTP” is an expandable, 5' triphosphate modified 
nucleotide substrate compatible with template dependent 
enzymatic polymerization. An XNTP has two distinct func 
tional components; namely, a nucleobase 5'-triphosphate and 
a tether or tether precursor that is attached within each nucle 
otide at positions that allow for controlled RT expansion by 
intra-nucleotide cleavage. 
0204 “Processive' refers to a process of coupling of sub 
strates which is generally continuous and proceeds with 
directionality. While not bound by theory, both ligases and 
polymerases, for example, exhibit processive behavior if sub 
strates are added to a nascent daughter Strand incrementally 
without interruption. The steps of hybridization and ligation, 
or hybridization and polymerization, are not seen as indepen 
dent steps if the net effect is processive growth of the nascent 
daughter Strand. Some but not all primer-dependent processes 
are processive. 
0205 “Promiscuous” refers to a process of coupling of 
Substrates that proceeds from multiple points on a template at 
once, and is not primer dependent, and indicates that chain 
extension occurs in parallel (simultaneously) from more than 
one point of origin. 
0206. “Single-base extension” refers to a cyclical stepwise 
process in which monomeric Substrates are added one by one. 
Generally the coupling reaction is restrained from proceeding 
beyond single Substrate extension in any one step by use of 
reversible blocking groups. 
0207 “Single-probe extension” refers to a cyclical step 
wise process in which oligomeric Substrates are added one by 
one. Generally the coupling reaction is restrained from pro 
ceeding beyond single Substrate extension in any one step by 
use of reversible blocking groups. 
0208 “Corresponds to or “corresponding is used here in 
reference to a contiguous single-stranded sequence of a 
probe, oligonucleotide, oligonucleotide analog, or daughter 
Strand that is complementary to, and thus "corresponds to’, 
all or a portion of a target nucleic acid sequence. The comple 
mentary sequence of a probe can be said to correspond to its 
target. Unless otherwise Stated, both the complementary 
sequence of the probe and the complementary sequence of the 
target are individually contiguous sequences. 
0209 “Nuclease-resistant” refers to is a bond that is resis 
tant to a nuclease enzyme under conditions where a DNA or 
RNA phosphodiester bond will generally be cleaved. 
Nuclease enzymes include, but are not limited to, DNase I, 
Exonuclease III, Mung Bean Nuclease, RNase I, and RNase 
H. One skilled in this field can readily evaluate the relative 
nuclease resistance of a given bond. 
0210 “Ligase' is an enzyme generally for joining 3'-OH 
5'-monophosphate nucleotides, oligomers, and their analogs. 
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Ligases include, but are not limited to, NAD-dependent 
ligases including tRNA ligase, Taq DNA ligase. Thermus 
filiformis DNAligase, Escherichia coli DNA ligase. Tth DNA 
ligase, Thermus Scotoductus DNA ligase, thermostable 
ligase, Ampligase thermostable DNA ligase, VanC-type 
ligase, 9° N DNA Ligase, Tsp DNA ligase, and novelligases 
discovered by bioprospecting. Ligases also include, but are 
not limited to, ATP-dependent ligases including T4 RNA 
ligase, T4DNA ligase, T7 DNA ligase, Pfu DNA ligase, DNA 
ligase 1, DNA ligase III, DNA ligase IV, and novel ligases 
discovered by bioprospecting. These ligases include wild 
type, mutant isoforms, and genetically engineered variants. 
0211 "Polymerase' is an enzyme generally for joining 
3'-OH 5'-triphosphate nucleotides, oligomers, and their ana 
logs. Polymerases include, but are not limited to, DNA-de 
pendent DNA polymerases, DNA-dependent RNA poly 
merases, RNA-dependent DNA polymerases, RNA 
dependent RNA polymerases, T7 DNA polymerase, T3 DNA 
polymerase, T4 DNA polymerase, T7 RNA polymerase, T3 
RNA polymerase, SP6 RNA polymerase, DNA polymerase 
1. Klenow fragment. Thermophilus aquaticus DNA poly 
merase. Tth DNA polymerase, VentRR DNA polymerase 
(New England Biolabs), Deep VentRR DNA polymerase 
(New England Biolabs), Bst DNA Polymerase Large Frag 
ment, Stoeffel Fragment, 9° N DNA Polymerase, 9° N DNA 
polymerase, Pfu DNA Polymerase, Tfl DNA Polymerase. Tth 
DNA Polymerase, RepliPHI Phi29 Polymerase, Tli DNA 
polymerase, eukaryotic DNA polymerase beta, telomerase, 
TherminatorTM polymerase (New England Biolabs), KOD 
HiFiTM DNA polymerase (Novagen), KOD1 DNA poly 
merase, Q-beta replicase, terminal transferase, AMV reverse 
transcriptase, M-MLV reverse transcriptase, Phi6 reverse 
transcriptase, HIV-1 reverse transcriptase, novel polymerases 
discovered by bioprospecting, and polymerases cited in US 
2007/0048748, U.S. Pat. No. 6,329,178, U.S. Pat. No. 6,602, 
695, and U.S. Pat. No. 6,395,524 (incorporated by reference). 
These polymerases include wild-type, mutant isoforms, and 
genetically engineered variants. 
0212 “Encode' or “parse' are verbs referring to transfer 
ring from one format to another, and refers to transferring the 
genetic information of target template base sequence into an 
arrangement of reporters. 
0213) “Extragenetic' refers to any structure in the daugh 
ter strand that is not part of the primary backbone; for 
example, an extragenetic reporter is not the nucleobase itself 
that lies in the primary backbone. 
0214) “Hetero-copolymer is a material formed by com 
bining differing units (e.g., monomer Subunit species) into 
chains of a “copolymer. Hetero-copolymers are built from 
discrete “subunit constructs. A “subunit is a region of a 
polymer composed a well-defined motif, where each motif is 
a species and carries genetic information. The term hetero 
copolymer is also used herein to describe a polymer in which 
all the blocks are blocks constructed of repeating motifs, each 
motif having species-specific elements. The daughter strand 
and the Xpandomer are both hetero-copolymers whereby 
each subunit motif encodes 1 or more bases of the target 
template sequence and the entire target sequence is defined 
further with the sequence of motifs. 
0215 “Solid support' is a solid material having a surface 
for attachment of molecules, compounds, cells, or other enti 
ties. The surface of a solid support can be flat or not flat. A 
Solid Support can be porous or non-porous. A Solid Support 
can be a chip or array that comprises a surface, and that may 
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comprise glass, silicon, nylon, polymers, plastics, ceramics, 
or metals. A Solid Support can also be a membrane, Such as a 
nylon, nitrocellulose, or polymeric membrane, or a plate or 
dish and can be comprised of glass, ceramics, metals, or 
plastics, such as, for example, polystyrene, polypropylene, 
polycarbonate, or polyallomer. A Solid Support can also be a 
bead, resin or particle of any shape. Such particles or beads 
can be comprised of any suitable material. Such as glass or 
ceramics, and/or one or more polymers, such as, for example, 
nylon, polytetrafluoroethylene, TEFLONTM, polystyrene, 
polyacrylamide, Sepaharose, agarose, cellulose, cellulose 
derivatives, or dextran, and/or can comprise metals, particu 
larly paramagnetic metals, such as iron. 
0216 “Reversibly blocking” or “terminator” refers to a 
chemical group that when bound to a second chemical group 
on a moiety prevents the second chemical group from enter 
ing into particular chemical reactions. A wide range of pro 
tecting groups are known in synthetic organic and bioorganic 
chemistry that are Suitable for particular chemical groups and 
are compatible with particular chemical processes, meaning 
that they will protect particular groups during those processes 
and may be Subsequently removed or modified (see, e.g., 
Metzker et al. Nucleic Acids Res., 22(20): 4259,1994). 
0217 “Linker' is a molecule or moiety that joins two 
molecules or moieties, and provides spacing between the two 
molecules or moieties such that they are able to function in 
their intended manner. For example, a linker can comprise a 
diamine hydrocarbon chain that is covalently bound through 
a reactive group on one end to an oligonucleotide analog 
molecule and through a reactive group on another end to a 
Solid Support, such as, for example, a bead surface. Coupling 
of linkers to nucleotides and substrate constructs of interest 
can be accomplished through the use of coupling reagents 
that are known in the art (see, e.g., Efimov et al., Nucleic Acids 
Res. 27:4416-4426, 1999). Methods of derivatizing and cou 
pling organic molecules are well known in the arts of organic 
and bioorganic chemistry. A linker may also be cleavable or 
reversible. 

General Overview 

0218. In general terms, methods and corresponding 
devices and products are described for replicating single 
molecule target nucleic acids. Such methods utilize "Xpand 
omers' which permit sequencing of the target nucleic acid 
with increased throughput and accuracy. An Xpandomer 
encodes (parses) the nucleotide sequence data of the target 
nucleic acid in a linearly expanded format, thereby improving 
spatial resolution, optionally with amplification of signal 
strength. These processes are referred to herein as “Sequenc 
ing by Expansion” or “SBX'. 
0219. As shown in FIG. 1A, native duplex nucleic acids 
have an extremely compact linear data density; about a 3.4 A 
center-to-center separation between sequential stacked bases 
(2) of each strand of the double helix (1), and are therefore 
tremendously difficult to directly image or sequence with any 
accuracy and speed. When the double-stranded form is dena 
tured to form single stranded polynucleotides (3.4), the 
resulting base-to-base separation distances are similar, but 
the problem becomes compounded by domains of secondary 
Structure. 

0220. As shown in FIG. 1B, Xpandomer (5), here illus 
trated as a concatenation of short oligomers (6.7) held 
together by extragenetic tethers T (8.9), is a synthetic replace 
ment or “surrogate' for the nucleic acid target to be 
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sequenced. Bases complementary to the template are incor 
porated into the Xpandomer, but the regularly spaced tethers 
serve to increase the distance between the short oligomers 
(here each shown with four nucleobases depicted by circles). 
The Xpandomer is made by a process in which a synthetic 
duplex intermediate is first formed by replicating a template 
Strand. The daughter Strand is unique in that it has both a 
linear backbone formed by the oligomers and a constrained 
Xpandomer backbone comprised of folded tethers. The teth 
ers are then opened up or “expanded to transform the product 
into a chain of elongated tethers. Figuratively, the daughter 
Strand can be viewed as having two Superimposed backbones: 
one linear (primary backbone) and the other with “accordion' 
folds (constrained Xpandomer). Selective cleavage of bonds 
in the daughter strand allows the accordion folds to expand to 
produce an Xpandomer product. This process will be 
explained in more detail below, but it should be noted that the 
choice of four nucleobases per oligomerand particulars of the 
tether as shown in FIG. 1B is for purpose of illustration only, 
and in no way should be construed to limit the invention. 
0221) The separation distance "D' between neighboring 
oligomers in the Xpandomer is now a process-dependent 
variable and is determined by the length of the tether T. As 
will be shown, the length of the tether T is designed into the 
substrate constructs, the building blocks from which the 
Xpandomer is made. The separation distance D can be 
selected to be greater than 0.5 nm, or greater than 2 nm, or 
greater than 5 nm, or greater than 10 nm, or greater than 50 
nm, for example. As the separation distance increases, the 
process of discriminating or “resolving the individual oligo 
mers becomes progressively easier. This would also be true if, 
instead of oligomers, individual nucleobases of another 
Xpandomer species were strung together on a chain of teth 
CS. 

0222 Referring again to FIG. 1A, native DNA replicates 
by a process of semi-conservative replication; each new DNA 
molecule is a “duplex” of a template strand (3) and a native 
daughter Strand (4). The sequence information is passed from 
the template to the native daughter Strand by a process of 
“template-directed synthesis” that preserves the genetic 
information inherent in the sequence of the base pairs. The 
native daughter Strand in turn becomes a template for a next 
generation native daughter strand, and so forth. Xpandomers 
are formed by a similar process of template-directed synthe 
sis, which can be an enzymatic or a chemical coupling pro 
cess. However, unlike native DNA, once formed, Xpand 
omers cannot be replicated by a biological process of semi 
conservative replication and are not suitable for amplification 
by processes such as PCR. The Xpandomer product is 
designed to limit unwanted secondary structure. 
0223 FIGS. 2A through 2D show representative Class I 
Xpandomer substrates (20.2122,23). These are the building 
blocks from which Xpandomers are synthesized. Other 
Xpandomer Substrates (ten classes are disclosed herein) are 
addressed in the Subsequent sections. The Xpandomer Sub 
strate constructs shown here have two functional compo 
nents; namely, a probe member (10) and a “tether member 
(11) in a loop configuration. The loop forms the elongated 
tether “T” of the final product. Solely for convenience in 
explanation, the probe member is again depicted with four 
nucleobase residues (14,15,16,17) as shown in FIG. 2B. 
0224. These substrate constructs can be end modified with 
R— groups, for example as a 5'-monophosphate, 3'-OH Suit 
able for use with a ligase (herein termed an “Xprobe') or as a 
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5'-triphosphate, 3'-OH suitable for use with a polymerase 
(herein termed an “Xmer'). Other R groups may be of use in 
various protocols. In the first example shown in FIG. 3B, we 
present the use of Xprobes in synthesis of an Xpandomer 
from a template strand of a target nucleic acid by a ligase 
dependent process. 
0225. The four nucleobase residues (14,15,16,17) of the 
probe member (10) are selected to be complementary to a 
contiguous sequence of four nucleotides of the template. 
Each “probe' is thus designed to hybridize with the template 
at a complementary sequence of four nucleotides. By Supply 
ing a library of many such probe sequences, a contiguous 
complementary replica of the template can be formed. This 
daughter strand is termed an “Xpandomer intermediate'. 
Xpandomer intermediates have duplex or single-stranded 
forms. 

0226. The tether loop is joined to the probe member (10) at 
the second and third nucleobase residues (15.16). The second 
and third nucleobase residues (15.16) are also joined to each 
other by a “selectively cleavable bond’ (25) depicted by a 
“V”. Cleavage of this cleavable bond enables the tether loop 
to expand. The linearized tether can be said to “bridge' the 
selectively cleavable bond site of the primary polynucleotide 
backbone of a daughter strand. Cleaving these bonds breaks 
up the primary backbone and forms the longer Xpandomer. 
0227 Selective cleavage of the selectively cleavable 
bonds (25) can be done in a variety of ways including, but not 
limited to, chemical cleavage of phosphorothiolate bonds, 
ribonuclease digestion of ribosyl 5'-3' phosphodiester link 
ages, cleavage of photocleavable bonds, and the like, as dis 
cussed is greater detail below. 
0228. The substrate construct (20) shown in FIG. 2A has a 
single tether segment, represented here by an ellipse (26), for 
attachment of reporter elements. This segment is flanked with 
spacer tether segments (12.13), all of which collectively form 
the tether construct. One to many dendrimer(s), polymer(s), 
branched polymer(s) or combinations thereincan be used, for 
example, to construct the tether segment. For the Substrate 
construct (21) of FIG.2B, the tether construct is composed of 
three tether segments for attachment of reporter elements 
(27.28.29), each of which is flanked with a spacer tether 
segment. The combination of reporter elements collectively 
form a “reporter construct to produce a unique digital 
reporter code (for probe sequence identification). These 
reporter elements include, but are not limited to, fluoro 
phores, FRET tags, beads, ligands, aptamers, peptides, hap 
tens, oligomers, polynucleotides, dendrimers, stem-loop 
structures, affinity labels, mass tags, and the like. The tether 
loop (11) of the substrate construct (22) in FIG. 2C is 
“naked’. The genetic information encoded in this construct is 
not encoded on the tether, but is associated with the probe 
(10), for example, in the form of tagged nucleotides. The 
substrate construct (23) of FIG. 2D illustrates the general 
principal: as indicated by theasterisk (*), the sequence infor 
mation of the probe is encoded or “parsed in the substrate 
construct in a modified form more readily detected in a 
sequencing protocol. Because the sequence data is physically 
better resolved after cleavage of the selectively cleavable 
bond (25) to form the linearly elongated Xpandomer poly 
mer, theasterisk (*) represents any form of encoded genetic 
information for which this is a benefit. The bioinformatic 
element or elements (*) of the substrate construct, whatever 
their form, can be detectable directly or can be precursors to 
which detectable elements are added in a post-assembly 
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labeling step. In some instances, the genetic information is 
encoded in a molecular property of the Substrate construct 
itself, for example a multi-state mass tag. In other instances, 
the genetic information is encoded by one or more fluoro 
phores of FRET donor:acceptor pairs, or a nanomolecular 
barcode, or a ligand or combination of ligands, or in the form 
of some other labeling technique drawn from the art. Various 
embodiments will be discussed in more detail below. 
0229. The tether generally serves a number of functions: 
(1) to sequentially link, directly or indirectly, to adjacent 
tethers forming the Xpandomer intermediate; (2) to stretch 
out and expand to form an elongated chain of tethers upon 
cleavage of selected bonds in the primary backbone or within 
the tether (see FIG. 1B); and/or (3) to provide a molecular 
construct for incorporating reporter elements, also termed 
"tags' or “labels', that encode the nucleobase residue 
sequence information of its associated Substrate. The tether 
can be designed to optimize the encoding function by adjust 
ing spatial separations, abundance, informational density, and 
signal strength of its constituent reporter elements. A broad 
range of reporter properties are useful for amplifying the 
signal strength of the genetic information encoded within the 
substrate construct. The literature directed to reporters, 
molecular bar codes, affinity binding, molecular tagging and 
other reporter elements is well known to one skilled in this 
field. 

0230. It can be seen that if each substrate of a substrate 
construct contains X nucleobases, then a library representing 
all possible sequential combinations of X nucleobases would 
contain 4' probes (when selecting the nucleobases from A, T, 
C or G). Fewer or more combinations can be needed if other 
bases are used. These substrate libraries are designed so that 
each Substrate construct contains (1) a probe (or at least one 
nucleobase residue) complementary to any one of the pos 
sible target sequences of the nucleic acid to be sequenced and 
(2) a unique reporter construct that encodes the identity of the 
target sequence which that particular probe (or nucleobase) is 
complementary to. A library of probes containing two nucleo 
bases would have 16 unique members; a library of probes 
containing three nucleobases would have 64 unique mem 
bers, and so forth. A representative library would have the 
four individual nucleobases themselves, but configured to 
accommodate a tethering means. 
0231. Synthesis of an Xpandomer is illustrated in FIGS. 
3A through 3C. The substrate depicted here is an Xprobe and 
the method can be described as hybridization with primer 
dependent processive ligation in free solution. 
0232. Many well known molecular biological protocols, 
Such as protocols for fragmenting the target DNA and ligating 
end adaptors, can be adapted for use in sequencing methods 
and are used here to prepare the target DNA (30) for sequenc 
ing. Here we illustrate, in broad terms that would be familiar 
to those skilled in the art, processes for polishing the ends of 
the fragments and blunt-ended ligation of adaptors (31.32) 
designed for use with sequencing primers. These actions are 
shown in Step I of FIG. 3A. In Steps II and III, the target 
nucleic acid is denatured and annealed with Suitable primers 
(33) complementary to the adaptors. 
0233. In FIG.3B, the primed template strand of Step III is 
contacted with a library of substrate constructs (36) and ligase 
(L), and in Step IV conditions are adjusted to favor hybrid 
ization followed by ligation at a free 3'-OH of a primer 
template duplex. Optionally in Step V the ligase dissociates, 
and in Steps VI and VII, the process of hybridization and 
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ligation can be recognized to result in extension by cumula 
tive addition of substrates (37.38) to the primer end. Although 
priming can occur from adaptors at both ends of a single 
Stranded template, the growth of a nascent Xpandomer 
daughter strand is shown here to proceed from a single 
primer, solely for simplicity. Extension of the daughter strand 
is represented in Steps VI and VII, which are continuously 
repeated (incrementally, without interruption). These reac 
tions occur in free Solution and proceed until a sufficient 
amount of product has been synthesized. In Step VIII, forma 
tion of a completed Xpandomer intermediate (39) is shown. 
0234 Relatively long lengths of contiguous nucleotide 
sequence can be efficiently replicated in this manner to form 
Xpandomer intermediates. It can be seen that continuous read 
lengths ("contigs') corresponding to long template Strand 
fragments can be achieved with this technology. It will be 
apparent to one skilled in the art that billions of these single 
molecule SBX reactions can be done simultaneously in an 
efficient batch process in a single tube. Subsequently, the 
shotgun products of these syntheses can be sequenced. 
0235. In FIG. 3C, the next steps of the SBX process are 
depicted. Step IX shows denaturation of the duplex Xpand 
omer intermediate followed by cleavage of selectively cleav 
able bonds in the backbone, with the selectively cleavable 
bonds designed so that the tether loops "open up', forming 
the linearly elongated Xpandomer product (34). Such selec 
tive cleavage may be achieved by any number of techniques 
known to one skilled in the art, including, but not limited to, 
phosphorothiolate cleavage with metal cations as disclosed 
by Mag et al. (“Synthesis and selective cleavage of an oli 
godeoxynucleotide containing a bridged internucleotide 
5'-phosphorothioate linkage'. Nucleic Acids Research 19(7): 
1437-1441, 1991), acid catalyzed cleavage of phosphorami 
date as disclosed by Mag et al. (“Synthesis and selective 
cleavage of oligodeoxyribonucleotides containing non-chiral 
internucleotide phosphoramidate linkages. Nucleic Acids 
Research 17(15): 5973-5.988, 1989), selective nuclease cleav 
age of phosphodiester linkages as disclosed by Gut et al. (A 
novel procedure for efficient genotyping of single nucleotide 
polymorphisms’. Nucleic Acids Research 28(5): E13, 2000) 
and separately by Eckstein et al. (“Inhibition of restriction 
endonuclease hydrolysis by phosphorothioate-containing 
DNA, Nucleic Acids Research, 25; 17(22): 9495, 1989), and 
selective cleavage of photocleavable linker modified phos 
phodiester backbone as disclosed by Sauer et al. ("MALDI 
mass spectrometry analysis of single nucleotide polymor 
phisms by photocleavage and charge-tagging. Nucleic Acids 
Research 31, 11 e63, 2003), Vallone et al. (“Genotyping SNPs 
using a UV-photocleavable oligonucleotide in MALDI-TOF 
MS, Methods Mol. Bio. 297: 169-78, 2005), and 
Ordoukhanian et al. (“Design and synthesis of a versatile 
photocleavable DNA building block, application to photot 
riggered hybridization”, J. Am. Chem. Soc. 117,9570-9571, 
1995). 
0236 Refinements of the basic process, such as wash steps 
and adjustment of conditions of stringency are well within the 
skill of an experienced molecular biologist. Variants on this 
process, include for example immobilization and parsing of 
the target Strands, stretching and other techniques to reduce 
secondary structure during synthesis of the Xpandomer, post 
expansion labeling, end-functionalization, and alternatives to 
ligase for linking the Substrates will be discussed in the mate 
rials that follow. 
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0237) Synthesis of Xpandomers is done to facilitate the 
detection and sequencing of nucleic acids, and is applicable to 
nucleic acids of all kinds. The process is a method for 
“expanding' or "elongating the length ofbackbone elements 
(or Subunits) encoding the sequence information (expanded 
relative to the small nucleotide-to-nucleotide distances of 
native nucleic acids) and optionally also serves to increase 
signal intensity (relative to the nearly indistinguishable, low 
intensity signals observed for native nucleotides). As such, 
the reporter elements incorporated in the expanded synthetic 
backbone of an Xpandomer can be detected and processed 
using a variety of detection methods, including detection 
methods well known in the art (for example, a CCD camera, 
anatomic force microscope, or a gated mass spectrometer), as 
well as by methods such as a massively parallel nanopore 
sensor array, or a combination of methods. Detection tech 
niques are selected on the basis of optimal signal to noise, 
throughput, cost, and like factors. 
0238 Turning to FIG. 4, a simple model of a detection 
technology is shown; namely, a nanopore (40) with FRET 
donor (42) in a membrane (44), which is excited by light of . 
wavelength. As the Xpandomer product (41) elongates and is 
conveyed through the nanopore (40) in the direction of arrow 
(45), serial bursts of emission of wavelength a from excited 
fluorophores, in the proximity of the pore, are detected. The 
emission wavelengths () are temporally spaced as a func 
tion of the length of the tether and the speed of theXpandomer 
passing through the nanopore. By capturing these analog 
signals and digitally processing them, the sequence informa 
tion can be read directly from the Xpandomer. It should be 
noted that in this detection method, the nanopore and mem 
brane can have many paths through which the Xpandomer 
may translocate. The FRET detection requires there be at 
least one excited FRET donor along each path. In contrast, a 
Coulter counter based nanopore can only have an additional 
translocation hole at the cost of signal-to-noise. 
0239. In the nanopore-based detection technique of FIG. 
4, which depicts chains of Xprobes of the structure shown in 
FIG. 2B, the tether constructs contain multi-element reporter 
constructs, as indicated by the box-like reporter members 
(27.28.29) disposed along the tether. Relevant nanopore 
sequencing technology is disclosed, for example, by Branton 
etal. in U.S. Pat. No. 6,627,067 and by Lee etal. (Lee, JW and 
A Meller. 2007. Rapid sequencing by direct nanoscale read 
ing of nucleotide bases in individual DNA chains. In “New 
High Throughput Technologies for DNA Sequencing and 
Genomics, 2, Elsevier). 
0240 FIG. 5 demonstrates how multi-element reporter 
constructs, here comprised of FRET acceptor fluorophores, 
appear to a detector positioned at the FRET gate. It can be 
seen in this multi-channel plot of emissions, that analog sig 
nals are generated at generally regular time intervals and can 
be parsed as a type of digital code (here termed a reporter 
code, and, for this example, an Xprobe ID) revealing the 
identity and order of the Xprobe subunits and thus the genetic 
sequence of the illustrated Xpandomer. Various combinations 
of reporters can be used to create a library of reporter codes 
that sequentially encode any 4-base combination of A, T, Gor 
C of the described Xprobe. In this example, combinations of 
three fluorophores are used to produce twenty-two reporter 
codes. In this way, the sequence ACTG is seen to be followed 
by GCCG; followed by AAAT. Vertically placed dotted lines 
separate the fluorimetry data and the corresponding subunits 
of the Xpandomer (shown schematically). An interpretive 
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algorithm immediately below the plot shows how the regu 
larly spaced analog signals are transformed into a readable 
genetic sequence. 
0241 The Xprobe substrate construct illustrated in FIG. 5, 
which uses a multi-element tether construct composed of 
three reporter labeled segments, each of which is flanked with 
spacer tether segments, to encode the sequence identity of the 
substrate, is further elaborated. The first tether segment is 
reporter code #1 (reading from left to right), and is read as a 
high signal in the red channel. The second tether segment is 
reporter code #9, and is read as a high green signal and a low 
red signal. The third tether segment is reporter code #8, and is 
read as a low blue signal and a low red signal. Reporter code 
#1 is used as a clock or synchronization signal; reporter code 
#9 encodes the first probe moiety AC: reporter code number 
#8 encodes the second moiety “TG' of the probe. Taken 
together, the sequential reporter code of “1-9-8” corresponds 
to a particular species of Xprobe (Xprobe ID 117), which in 
turn corresponds by design to the sequence fragment 
ACTG’. Three Xprobe IDs encode the entire contiguous 
sequence shown in the plot, ACTGGCCGAAAT. The fluo 
rophore emissions, the table for decoding reporter codes and 
sequence fragments, and the corresponding physical repre 
sentations of the reporter constructs are separated by the 
dotted lines of the figures according to structural Subunits of 
the Xpandomer so that it can readily be seen how the 
sequence information is decoded and digitized. 
0242 FIG. 6 is a table of fluorophore labels from which 
the example of FIG. 5 was prepared. This illustrates more 
generally the use of combinations of multi-state reporter 
codes to parse information in the form of detectable signals. 
Fluorophores having twenty-two possible emission states are 
used to form the reporter constructs of this example. Three 
fluorophore labels per oligomer are more than adequate to 
code all possible 4mer combinations of A, T, C and G. By 
increasing the length of the tether, the resolution between the 
fluorophore label emissions is improved, benefiting the accu 
racy of the detection step, a principle that is generally appli 
cable. 

0243 Reporters useable with tether constructs of this kind 
are of many types, not merely fluorophores, and can be mea 
Sured using a corresponding broad range of high throughput 
and accurate detection technologies, technologies that might 
not otherwise be useful to sequence native nucleic acids 
because of limited resolution. Massively parallel, state of the 
art detection methods, such as nanopore sensor arrays, are 
facilitated by the more measurable characteristics of Xpand 
omers. Inefficiencies in sequencing detection processes can 
be reduced by pre-purifying batches of Xpandomers to elimi 
nate incomplete or short reaction products. Methods for end 
modifying synthesized Xpandomers are provided that can be 
utilized for both purification and as a means of facilitating 
Xpandomer presentation to the detector. Furthermore, the 
reading process is not constrained by limitation to capping, 
uncapping, nucleotide extension, labeling, or other concur 
rent processing methods. 
0244 FIG. 7A describes a partial duplex template 
designed with a twenty base 5' overhang to demonstrate pro 
cessive ligation of Substrates and primer-initiated template 
directed ligation in free solution. FIG. 7B is a photograph of 
a gel demonstrating ligation of the Substrates using the 
primer-template format described in FIG. 7A. For this 
example, dinucleotide oligomeric Substrates of the sequence 
5' phosphate CA 3' are hybridized to the template in the 
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presence of a primer and T4 DNA ligase. The unduplexed 
end-overhang (if any) is then nuclease digested and the liga 
tion products are separated on a 20% acrylamide gel. The 
ligation results in product polymers containing demonstrably 
ligated subunits. As indicated by the banding pattern, the 
ligase positive reactions run out in lanes 1,3,5,7 and 9, which 
contain progressively longer templates (4, 8, 12, 16, and 20 
bases, respectively), clearly demonstrate sequential ligation 
of 2mer Substrates (increased lengths of exonuclease pro 
tected duplexes). Lanes 2, 4, 6, 8 and 10 are negative controls 
containing no ligase and show complete exonuclease diges 
tion of unligated products. 
0245 FIG. 7C is a second gel showing template-directed 
ligation of Substrates. Four progressively longer positive con 
trol templates, again duplexed with an extension primer, were 
assayed (4, 8, 12, and 16 template bases, respectively). Again, 
dinucleotide oligomeric Substrates of the sequence 5' phos 
phate CA3' are hybridized to the template in the presence of 
a primer and T4 DNA ligase. The unduplexed end-overhang 
(if any) is then nuclease digested and the ligation products are 
separated on a 20% acrylamide gel. Oligomeric Substrates 
(again 2mers) are seen to ligate to the template in lanes 1, 2, 
3 and 4, but not in lanes 5 and 6, where the template strands 
contain a mismatch with the 5' (phosphate) CA 3' dinucle 
otide (Lane 5 template—5' CGCG 3'; Lane 6 template—5' 
GGGG 3'). 
0246 The gel results shown in FIG. 7D demonstrate mul 

tiple, template-directed ligations of a Bis(aminomodified) 
tetranucleotide probe. The aliphatic amino modifiers were of 
the linkage and composition described in FIG. 26. For this 
example, a tetranucleotide oligomeric Substrate of the 
sequence 5' (phosphate) C (amino) A (amino) C A 3' was 
hybridized to a range of progressively longer complimentary 
templates (duplexed with an extension primer) in the pres 
ence of a primer and T4 DNA ligase. The unduplexed end 
overhang (if any) was then nuclease digested and the ligation 
products are separated on a 20% acrylamide gel. The ligation 
results in product polymers containing demonstrably ligated 
subunits. Lanes 1 and 2 represent 16mer and 20mer size 
controls. Lanes 3,4,5,6,7,8, and 9 show ligation products for 
progressively longer complementary templates (4, 6, 8, 12. 
16, 18, and 20 template bases, respectively). Multiple tet 
ramer ligations are observed for longer templates reactions 
(Lanes 6-9). Lane 10 shows essentially complete ligase inhi 
bition due to template-probe mismatch (template 5' CGCG 
3'). 
0247 The gel results shown in FIG. 7E demonstrate mul 

tiple, template-directed ligations of a Bis(aminomodified) 
hexanucleotide probe. The aliphatic amino modifiers were of 
the linkage and composition described in FIG. 26. For this 
example, a hexanucleotide oligomeric Substrate of the 
sequence 5' (phosphate) CA (amino) C (amino) ACA3' was 
hybridized to a range of progressively longer complimentary 
templates (duplexed with an extension primer) in the pres 
ence of a primer and T4 DNA ligase. The unduplexed end 
overhang (if any) was then nuclease digested and the ligation 
products are separated on a 20% acrylamide gel. The ligation 
results in product polymers containing demonstrably ligated 
subunits. Lanes 1 and 2 represent 16mer and 20mer size 
controls. Lanes 3,4,5,6,7,8 and 9 show ligation products for 
progressively longer complementary templates (4, 6, 8, 12. 
16, 18, and 20 template bases, respectively). Multiple tet 
ramer ligations are observed for longer templates reactions 
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(Lanes 5-9). Lane 10 shows nearly complete ligase inhibition 
due to template-probe mismatch (template—5'CGCGCG 3'). 
0248 Substrates include both probe members (i.e., oligo 
mers as template-specific binding members for assembling 
the Xpandomer intermediate), and monomers (i.e., individual 
nucleobase members as the template-specific binding ele 
ments). We term the first “probe-type' substrates and the 
second “monomer-type' substrates. As illustrated in FIG. 8, 
probe-type Xpandomers have five basic Subgenera, while 
FIG. 9 illustrates five basic subgenera of monomer-type 
Xpandomers. The tables of FIGS. 8 and 9 include three col 
umns: the first describing Substrate constructs, the second 
Xpandomer intermediates, and the third the Xpandomer 
products characteristic of the subgenus (by row). The tables 
are provided here as an overview, with methods making and 
using the same being disclosed in greater detail herein below. 
In FIGS. 8 and 9, “P” refers to a probe member, “T” to a tether 
member (or loop tether or tether arm precursor), “N' to a 
monomer (an individual nucleobase or nucleobase residue), 
and “R” to an end group. 
0249 More specifically, in the table of FIG. 8 the follow 
ing nomenclature is used: 

0250 P is a probe substrate member and is composed of 
P'—P, where P' is a first probe moiety and P’ is a 
second probe moiety; 

0251 T is a tether; 
0252 Brackets indicate a subunit of the daughter strand, 
wherein each subunit is a subunit motifhaving a species 
specific probe member, further wherein said probe 
members of said Subunit motifs are serially complemen 
tary to the corresponding contiguous nucleotide 
sequence of the template strand, denoted here P" P. 
and form a primary backbone of the Xpandomer inter 
mediate, and wherein the tether members, optionally in 
combination with the probe moieties, form a constrained 
Xpandomer backbone. Cleavage of one or more selec 
tively cleavable bonds within the Xpandomer interme 
diate enables expansion of the subunits to produce an 
Xpandomer product, the subunits of which are also indi 
cated with brackets; 

0253 C. denotes a species of subunit motifselected from 
a library of subunit motifs: 

0254) e is a first linker group attached to a first terminus 
or moiety of a probe member or tether; under controlled 
conditions, is capable of selectively reacting with, 
directly or via crosslinkers, linker group 6 of an abutting 
terminus of an adjacent Subunit to form covalent or 
equivalently durable linkages; 

0255 6 is a second linker group attached to a first ter 
minus or moiety of a probe member or tether; under 
controlled conditions, 6 is capable of selectively react 
ing with, directly or via crosslinkers, linker group of an 
abutting terminus of an adjacent subunit to form cova 
lent or equivalently durable linkages; 

0256 x represents a bond with an adjacent subunit and 
is the product linkage of the reaction of linker groups 6 
and e. 

0257 - denotes a selectively cleavable bond, which 
may be the same or different when multiple selectively 
cleavable bonds are present; 

(0258) R' includes, but is not limited to, hydroxyl, 
hydrogen, triphosphate, monophosphate, ester, ether, 
glycol, amine, amide, and thioester; 
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0259 R includes, but is not limited to, hydroxyl, 
hydrogen, triphosphate, monophosphate, ester, ether, 
glycol, amine, amide, and thioester; and 

0260 K denotes the K" subunit in a chain of m subunits, 
where K=1,2,... to m, where m>3, and generally m>20, 
and preferably ma50, and more preferentially mid 1000. 

0261 More specifically, and in context of the table FIG.9, 
the following nomenclature is used: 

0262 N is a nucleobase residue: 
0263 T is a tether: 
0264 Brackets indicate a subunit of the daughter strand, 
wherein each subunit is a subunit motifhaving a species 
specific nucleobase residue, further wherein said 
nucleobase residues of said subunit motifs are serially 
complementary to the corresponding contiguous nucle 
otide sequence of the template strand, denoted here N', 
and form a primary backbone of the Xpandomer inter 
mediate, and wherein the tether members, optionally in 
combination with the nucleobase residues, form a con 
strained Xpandomer backbone. Cleavage of one or more 
selectively cleavable bonds within the Xpandomer inter 
mediate enables expansion of the subunits to produce an 
Xpandomer product, the subunits of which are also indi 
cated with brackets; 

0265 n' is a first portion of a nucleobase residue. 
0266 n2 is a second portion of a nucleobase residue; 
0267 e is a first linker group attached to a first terminus 
or moiety of a probe member or tether; under controlled 
conditions, e is capable of selectively reacting with, 
directly or via crosslinkers, linker group 6 of an abutting 
terminus of an adjacent Subunit to form covalent or 
equivalently durable linkages; 

0268 8 is a second linker group attached to a first ter 
minus or moiety of a probe member or tether; under 
controlled conditions, 8 is capable of selectively react 
ing with, directly or via crosslinkers, linker groupe of an 
abutting terminus of an adjacent Subunit to form cova 
lent or equivalently durable linkages; 

0269 represents a bond with an adjacent subunit and 
is the product linkage of the reaction of linkage groups 6 
and e. 

(0270) y' is the product linkage of the reaction of linkage 
groups o' and e"; 

0271 x is the product linkage of the reaction of linkage 
groups of and ef; 

0272 - denotes a selectively cleavable bond, which 
may be the same or different when multiple selectively 
cleavable bonds are present; 

(0273) R' includes, but is not limited to, hydroxyl, 
hydrogen, triphosphate, monophosphate, ester, ether, 
glycol, amine, amide, and thioester; 

(0274) R' includes, but is not limited to, hydroxyl, 
hydrogen, triphosphate, monophosphate, ester, ether, 
glycol, amine, amide, and thioester; and 

(0275 K denotes the K" subunit in a chain of m subunits, 
where K=1, 2, . . . to m, where m>10, and generally 
mid-50, and typically ma500 or >5,000. 

Oligomeric Constructs 

0276 Xpandomer precursors and constructs can be 
divided into two categories based upon the Substrate (oligo 
meric or monomeric) used for template directed assembly. 
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The Xpandomer structure, precursors and synthesis methods 
for those based upon the oligomer Substrates are discussed 
below. 

0277. The substrate constructs are reagent precursors to 
the Xpandomer and generally have a tether member and a 
Substrate. The Substrate discussed here is an oligomer Sub 
strate or probe, generally made up of a plurality of nucleobase 
residues. By generating combinatorial-type libraries of two to 
twenty nucleobase residues per probe, generally 2 to 10 and 
typically 2, 3, 4, 5 or 6 nucleobase residues per probe, probe 
libraries useful as reagents in the synthesis of Xpandomers 
precursors (Substrate constructs) are generated. 
0278. The probe is generally described below as having 
two probe moieties, P' and P. These probe moieties are 
generally depicted in the figures as dinucleotides, but in gen 
eral P' and Phave eachat least one nucleobase residue. In the 
example of a probe with two nucleobase residues, the probe 
moieties P' and P would be single nucleobase residues. The 
number of nucleobase residues for each is chosen, appropri 
ately, for the Xpandomer synthesis method and may not be 
equal in P' and P. 
0279. For the substrate constructs where e and 6 linker 
groups are used to create inter-subunit linkages, a broad range 
of suitable commercially available chemistries (Pierce, 
Thermo Fisher Scientific, USA) can be adapted for this pur 
pose. Common linker chemistries include, for example, 
NHS-esters with amines, maleimides with sulfhydryls, imi 
doesters with amines, EDC with carboxyls for reactions with 
amines, pyridyl disulfides with sulfhydryls, and the like. 
Other embodiments involve the use of functional groups like 
hydrazide (HZ) and 4-formylbenzoate (4FB) which can then 
be further reacted to form linkages. More specifically, a wide 
range of crosslinkers (hetero- and homo-bifunctional) are 
broadly available (Pierce) which include, but are not limited 
to, Sulfo-SMCC (Sulfosuccinimidyl 4-N-maleimidom 
ethylcyclohexane-1-carboxylate), SIA (N-Succinimidyl 
iodoacetate), Sulfo-EMCS (N-e-Maleimidocaproyloxysul 
fosuccinimide ester), Sulfo-GMBS (N-g-Maleimidobutyry 
loxysulfosuccinimide ester), AMAS N-(a-Maleimidoac 
etoxy) succinimide ester), BMPS (N EMCA (N-e- 
Maleimidocaproic acid)- B-Maleimidopropyloxy 
Succinimide ester), EDC (1-Ethyl-3-3- 
dimethylaminopropylcarbodiimide Hydrochloride), 
SANPAH (N-Succinimidyl-6-4'-azido-2'-nitropheny 
laminohexanoate), SADP (N-Succinimidyl(4-azidophe 
nyl)-1,3'-dithiopropionate), PMPI (N-p-Maleimidophenyl 
isocy, BMPH (N-B-Maleimidopropionic acid hydrazide, 
trifluoroacetic acid salt) anate), EMCH (N-e-Maleimidoca 
proic acid hydrazide, trifluoroacetic acid salt), SANH (suc 
cinimidyl 4-hydrazinonicotinate acetone hydrazone), SHTH 
(succinimidyl 4-hydrazidoterephthalate hydrochloride), and 
C6-SFB (C6-Succinimidyl 4-formylbenzoate). Also, the 
method disclosed by Letsinger et al. (“Phosphorothioate oli 
gonucleotides having modified internucleoside linkages'. 
U.S. Pat. No. 6.242,589) can be adapted to form phospho 
rothiolate linkages. 
0280 Further, well established protection/deprotection 
chemistries are broadly available for common linker moieties 
(Benoiton, “Chemistry of Peptide Synthesis', CRC Press, 
2005). Amino protection include, but are not limited to, 
9-Fluorenylmethyl carbamate (Fmoc-NRR"), t-Butyl car 
bamate (Boc-NRR), Benzyl carbamate (Z-NRR', Cbz 
NRR"). Acetamide Trifluoroacetamide, Phthalimide, Benzy 
lamine (Bn-NRR"), Triphenylmethylamine (Tr-NRR"), and 
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Benzylideneamine p-Toluenesulfonamide (Ts-NRR"). Car 
boxyl protection include, but are not limited to, Methyl ester, 
t-Butyl ester, Benzyl ester, S-t-Butyl ester, and 2-Alkyl-1,3- 
oxazoline. Carbonyl include, but are not limited to, Dimethyl 
acetal 1,3-Dioxane, and 1,3-Dithiane N,N-Dimethylhydra 
Zone. Hydroxyl protection include, but are not limited to, 
Methoxymethyl ether (MOM-OR), Tetrahydropyranyl ether 
(THP-OR), t-Butyl ether, Allyl ether, Benzyl ether (Bn-OR), 
t-Butyldimethylsilyl ether (TBDMS-OR), t-Butyldiphenylsi 
lyl ether (TBDPS-OR), Acetic acid ester, Pivalic acid ester, 
and Benzoic acid ester. 
0281. While the tether is often depicted as a reporter con 
struct with three reporter groups, various reporter configura 
tions can be arrayed on the tether, and can comprise single 
reporters that identify probe constituents, single reporters that 
identify probe species, molecular barcodes that identify 
probe species, or the tether may be naked polymer (having no 
reporters). In the case of the naked polymer, the reporters may 
be the probe itself, or may be on a second tether attached to the 
probe. In some cases, one or more reporter precursors are 
arrayed on the tether, and reporters are affinity bound or 
covalently bound following assembly of the Xpandomer 
product. 
0282. As discussed above, FIG. 8 provides an overview of 
oligomeric constructs of the invention, with five classes being 
distinguished: Classes I, II, III, IV, and V. These classes apply 
to both Xprobes and Xmers. Each class will be discussed 
individually below. 
(0283 Class I Oligomeric Constructs 
0284 Turning to FIG. 10, Class I oligomeric constructs 
are described in more detail. FIGS. 10A through 10C employ 
a notation adapted for showing these molecules as Substrates 
and as hetero-copolymer products of the SBX process. The 
figures are read from left to right, showing first the probe 
Substrate construct (oligomeric precursor of Xpandomer), 
then the intermediate duplex daughter strand in the center, 
and on the right the Xpandomer product prepared for 
sequencing. 
0285. As shown in FIG. 10A, a Class I substrate construct 
has an oligomeric probe member ( P-P ) (100) and a 
tether member, T (99). The tether is attached by two end 
linkages (108,109) to probe moieties P' and P. These con 
straints prevent the tether from elongating or expanding and 
thus in a constrained configuration. Under template-directed 
assembly, Substrates form a duplex with the target template 
such that the substrates are abutted. 
(0286) R' and Rare end groups configured as appropriate 
for the synthesis protocol in which the substrate construct is 
used. For example, R'=5'-phosphate and R-3'-OH, would 
find use in a ligation protocol, and R'-5'-triphosphate and 
R°–3'-OH for a polymerase protocol. Optionally, R can be 
configured with a reversible blocking group for cyclical 
single-substrate addition. Alternatively, RandR can be con 
figured with linker end groups for chemical coupling or with 
no linker groups for a hybridization only protocol. R' and R' 
can be of the general type XR, wherein X is a linking group 
and R is a functional group. 
(0287. The tilde (--) in FIGS. 10A and 10B denotes a selec 
tively cleavable bond separating two moieties of the probe 
member. The end linkages of the tether are attached to the two 
moieties of the probe member that are separated by the selec 
tively cleavable bond. The tether links the first probe moiety 
to the second probe moiety, forming a loop bridging the 
selectively cleavable bond. When the probe member is intact 
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(uncleaved), the probe member can bind with high-fidelity to 
the template sequence and the tether is looped in the “con 
strained configuration'. When this bond is cleaved, the tether 
loop can open and the tether is in the “expanded configura 
tion. 
0288 Substrate constructs are reagents used for template 
dependent assembly of a daughter strand, which is an inter 
mediate composition for producing Xpandomers. FIG. 10B 
shows the duplex daughter Strand, a hetero-copolymer with 
repeating subunits, (shown in brackets). Shown are the 
daughter strand primary backbone (-P'-P' ) and the tar 
get template strand ( P" P' ) as a duplex (95). Each 
Subunit of the daughter strand is a repeating motif composed 
of a probe member and a tether member, T (99), the tether 
member in constrained configuration. The motifs have spe 
cies-specific variability, indicated here by the “C.” Super 
Script. Each particular subunit in the daughter Strand is 
selected from a library of motifs by a template-directed pro 
cess and its probe binds to a corresponding sequence of 
complementary nucleotides on the template Strand. In this 
way, the sequence of nucleobase residues of the probes forms 
a contiguous, complementary copy of the target template 
Strand. 
0289. The daughter strand is composed of an Xpandomer 
precursor called the “constrained Xpandomer' which is fur 
ther composed of tethers in the “constrained configuration'. 
When the tethers (99) convert to their “expanded configura 
tion', the constrained Xpandomer converts to the Xpandomer 
product. 
0290 The daughter strand can be seen to have two back 
bones, a “primary backbone', and the backbone of the “con 
strained Xpandomer. The primary backbone is composed of 
contiguously abutted probe substrates. The “constrained 
Xpandomer backbone' bypasses the selectively cleavable 
linkage between probe moieties P' and P and is formed by 
linked backbone moieties, each backbone moiety being a 
linear linkage of P' to the tether to P, and where P can 
further link to the P' of next backbone moiety. It can be seen 
that the constrained Xpandomer backbone bridges or loops 
over the selectively cleavable bonds of the primary backbone, 
and will remain covalently intact when these selectively 
cleavable bonds are cleaved and the primary backbone is 
fragmented. 
0291 FIG. 10C is a representation of the Class IXpand 
omer product after dissociation of the template strand and 
after cleavage of the selectively cleavable bonds of the pri 
mary backbone. Methods for dissociation of the template 
Strand include heat denaturation, or selective digestion with a 
nuclease, or chemical degradation. The Xpandomer product 
Strand contains a plurality of subunits K, where K denotes the 
K" subunit in a chain of m subunits making up the daughter 
strand, where k=1,2,3 to m, where mid-3, and generally mid-20, 
and preferably mid-50, and more preferentially ma1000. Each 
subunit is formed of a tether (99) and probe moieties P' and 
P. The tether member T, now in “expanded configuration”, is 
seen stretched to its length between the cleaved probe moi 
eties P' and P', which remain covalently linked to the adja 
cent Subunits. Each Subunit, a subunit motif C. contains spe 
cies-specific genetic information established by template 
directed assembly of the Xpandomer intermediate (daughter 
Strand). 
0292 FIG. 10D shows the substrate construct of FIG. 10A 
as a molecular model, where the probe member (100) is 
arbitrarily represented with four nucleobase residues (101. 
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102.103.104), two of which (102,103) are joined to the tether 
(99) by end linkages (108,109). Between the two end linkages 
of the tether is a selectively cleavable bond, shown as the “V” 
(110) in probe member (100). This bondjoins probe moieties 
P' and Preferred to in FIG. 10A. The tether loop shown here 
has three reporters (105,106.107), which can also be motif 
species specific. 
0293 FIG. 10E shows the productXpandomer after cleav 
age of the selectively cleavable bonds in the substrate. Cleav 
age results in expansion of the constrained Xpandomer and is 
denoted by “E” (dark arrows). The residues (110a,110b) of 
the selectively cleavable bond mark the cleavage event. The 
subunit is indicated by dotted lines vertically bracketing the 
repeating Subunit, as represented by brackets in the accom 
panying FIG. 10C. 
0294. In the Xpandomer product (FIG. 10E) the primary 
backbone is now fragmented and not covalently intact 
because the probe members have been cleaved, separating 
each P (92) and P (94). Through the cleavage process, the 
constrained Xpandomer is released to become the Xpand 
omer product. The Xpandomer includes each concatenated 
Subunit in sequence. Linked within each subunit are the probe 
moiety P', the tether, and probe moiety P. The tether mem 
bers (99) of the Xpandomer, which were formerly in con 
strained configuration, are now in expanded configuration, 
thereby functioning to linearly stretch out the sequence infor 
mation of the template target. Expanding the tethers lowers 
the linear density of the sequence information along the 
Xpandomer and provides a platform for increasing the size 
and abundance of reporters which in turn improves signal to 
noise for detection and decoding of the template sequence. 
0295 FIG. 11 depicts a condensed schematic of a method 
for making a an embodiment of a Class I Xpandomer, the 
method illustrates the making and using of Substrates and 
products shown in FIGS. 10D and 10E. The method may be 
performed in free Solution and is described using a ligase (L) 
to covalently couple abutting Xprobes. Methods for relieving 
secondary structure in the template are discussed in a Subse 
quent section. Conditions adapted for hybridization and liga 
tion are well known in the art and Such conditions can be 
readily optimized by one of ordinary skill in this field. 
0296 Ligases include, but are not limited to, NAD"-de 
pendent ligases including tPNA ligase, Taq DNA ligase, 
Thermus filiformis DNA ligase, Escherichia coli DNA ligase, 
Tth DNA ligase. Thermus scotoductus DNA ligase, thermo 
stable ligase, Ampligase thermostable DNA ligase, VanC 
type ligase, 9°N DNA Ligase, Tsp DNA ligase, and novel 
ligases discovered by bioprospecting. Ligases also include, 
but are not limited to, ATP-dependent ligases including T4 
RNA ligase, T4DNA ligase. T7 DNA ligase, Pful DNA ligase, 
DNA ligase 1, DNA ligase III, DNA ligase IV, and novel 
ligases discovered by bioprospecting. These ligases include 
wild-type, mutant isoforms, and genetically engineered vari 
antS. 

0297 Referring to FIG. 11, and in preparation for the 
synthesis, a target nucleic acid (110) is provided and the ends 
are polished in preparation for blunt-ended ligation of adap 
tors. Step I shows the ligation of hairpin primers (120) to the 
target nucleic acid. The free 5' end of the primers are blocked 
with a removable blocking group (119). The primers will 
prime both Strands of the target nucleic acid. The adaptors are 
generally added in excess. The blocking groups on the hot 
ends of the primers are removed in Step II, and the two strands 
of the template are separated by denaturation. In Step III, the 
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primed single-stranded template (111) is contacted with a 
substrate construct library (as represented by construct (112) 
for purpose of illustration) and with ligase, L., under condi 
tions permissible for hybridization of complementary probe 
substrate (113) and ligation at the reactive end of the primer, 
as is shown in Step IV. Generally, hybridization and ligation 
is performed at a temperature greater than the melting tem 
perature of the Substrate to reduce non-specific side reactions. 
Each Substrate construct in this example contains a tether 
arrayed with three reporters. Each probe substrate has a selec 
tively cleavable bond (indicated with a “V”) between the two 
tether attachment sites. In Step V, a second substrate construct 
(114) is added by template-directed hybridization and liga 
tion, and so forth. In Step VI, formation of a fully extended 
Xpandomer intermediate (117) is demonstrated. This inter 
mediate can be denatured from the template strand and selec 
tively cleaved at the cleavage sites shown, thereby forming a 
product Xpandomer Suitable for sequencing. In some 
embodiments, denaturation is not needed and the template 
Strand can be digested in place. 
0298 FIG. 12 is a condensed schematic of a second 
method, here for making another embodiment of a Class I 
Xpandomer. In preparation for the synthesis, a target nucleic 
acid (120) is provided and the ends are polished in preparation 
for blunt-ended ligation of adaptors (121,122). Step I shows 
the ligation of doubly-blocked hairpin primer precursors to 
the target nucleic acid. One end of the duplex hairpin primers 
is blocked with removable blocking groups (125a.125b,125c, 
125d) intended to prevent ligation and concatenation of the 
template strands or adaptors. The adaptors are generally 
added in excess. The blocking groups are removed in Step II. 
and the two strands of the template are separated by denatur 
ation. In Step III, the hairpin primers self-anneal, forming 
priming sites (126.127) for the subsequent ligation of sub 
strate constructs, which can proceed bi-directionally, i.e., 
both in a 3 to 5’ and a 5' to 3’ direction. In Step IV, the primed 
templates are contacted with a substrate construct library 
(128) under conditions permissible for hybridization of 
complementary probe Substrates and ligation. Ligation pro 
ceeds incrementally (i.e., extending the growing ends with 
apparent processivity) by a process of hybridization of 
complementary probe Substrates and ligation at the ends of 
the nascent daughter strands. Each Substrate construct in this 
example contains a tether loop arrayed with reporter groups. 
In Step V, formation of a completed Xpandomer intermediate 
(129) is depicted. Optionally the template strand can be 
removed by nuclease digestion, freeing the Xpandomer. The 
intermediate can be selectively cleaved at the cleavage sites 
shown, thereby forming a product Xpandomer suitable for 
sequencing. The product Xpandomers are formed in free 
Solution. 

0299. In FIG. 13, a method relying on immobilized tem 
plate strands is shown. Here the template strands are anchored 
to a bead (or other solid phase support) by an adaptor (131). 
The template is shown in contact with Substrate constructs 
(132), and in Step I, the conditions are adapted so that hybrid 
ization occurs. It can be seen that “islands of hybridized, 
abutting substrate constructs are formed. In Step II, addition 
of ligase, L, results in ligation of the abutting Substrate con 
structs, thereby forming multiple contiguous sequences of 
ligated intermediates separated by gaps. In Step III, condi 
tions are adjusted to favor dissociation of low molecular 
weight or mismatched hybridized material, and in Step IV, the 
reactions of Steps II through III are repeated one or more 
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times to favor formation of longer extension products. This 
primerless process is referred to herein as “promiscuous liga 
tion'. Ligation can extend bidirectionally and nicked junc 
tions can be sealed with ligase, thereby filling gaps. In Step V. 
after optimization of the desired product lengths, the immo 
bilized duplexes are washed to remove unreacted substrate 
and ligase. Then, in Step VI, the daughter strands (here shown 
as a single-stranded Xpandomer intermediate) (138,139) are 
dissociated from the template. Selective cleavage of selec 
tively cleavable bonds of the intermediate results information 
of the Xpandomer product (not shown). In this embodiment, 
the immobilized template can be reused. Once the Xpand 
omer products are sequenced, contigs can be assembled by 
well known algorithms for overlapping and aligning the data 
to build a consensus sequence. 
0300 Referring to FIG. 14, a method for using immobi 
lized primers is shown. End-adapted (or random template 
sequences, depending on the nature of the immobilized prim 
ers) templates (142), are annealed to the immobilized primers 
(140) in Step I. In Step II, the immobilized templates (143) are 
contacted with a substrate construct library, members of 
which are shown as (144), and conditions are adjusted for 
template-directed hybridization. In this example, the sub 
strate construct 3' OH termini of the probe members (R 
group) has been substituted (146) to reversibly block further 
extension. In Step III, the abutting ends of the adjacent sub 
strate construct and primer, or free end of the nascent growing 
daughter strand, are ligated and the 3'OH end of the nascent 
daughter strand is activated by removing the blocking R 
group (146). As indicated in Steps IV and V, this process of 
stepwise cyclical addition can be repeated multiple times. 
Typically a wash step is used to remove unreacted Substrates 
between each extension step. 
0301 The process is thus analogous to what is termed 
“cyclical single base extension', but would more properly be 
termed here “cyclical single probe extension’. While ligase, 
L. is shown, the process can be performed with a ligase, 
polymerase, or by any chemical coupling protocol Suitable 
for joining oligomers in a template-directed synthesis. The 
chemical coupling may occur spontaneously at the abutting 
ends of the hybridized probes, or a condensing agent may be 
added at the beginning of Step III and each ensuing Step V of 
the cycle. The terminally blocking R group is configured so 
that free run-on polymerization cannot occur on the template 
or in solution. Step VI shows the formation of a complete 
Xpandomer intermediate (149); no more substrate can be 
added. This intermediate can be dissociated from the tem 
plate, the single-stranded product is then cleaved to open up 
the backbone as previously described. 
0302) This method can be adapted for selective sequenc 
ing of particular targets in a nucleic acid mixture, and for 
parsed sequencing methods on sequencing arrays, for 
example, by non-random selection of the immobilized prim 
ers. Alternatively, universal or random primers may be used 
as shown. 

(0303 FIG. 15 describes a method for promiscuous hybrid 
ization on an immobilized template (150) (Step I), where the 
substrate constructs of the library (152) are modified with a 
chemical functional group that is selectively reactive (156), 
depicted as an open triangle, with an abutting probe. A detail 
of the chemical functional group of the Substrate constructs is 
shown in the expanded portion shown by the hatched circle 
(FIG. 15a). At a certain density of hybridization, coupling is 
initiated as shown in Step II, resulting in high molecular 
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weight Xpandomer intermediates linked by the crosslinked 
product (157), depicted as a filled triangle, of the coupling 
reaction. A detail of the crosslinked probes is shown in the 
expanded portion shown in the hatched circle (FIG. 15b) in 
the product of Step II. This process can be accompanied by 
steps for selective dissociation and removal of low molecular 
weight products and any possible mismatched products. Cou 
pling chemistries for this method of promiscuous chemical 
coupling are known to someone skilled in the art and include, 
for example, the techniques disclosed in U.S. Pat. No. 6,951, 
720 to Burgin et al. 
0304. In another embodiment, polymerase-based methods 
are disclosed for assembling product Xpandomers. Gener 
ally, Substrate triphosphates (Xmers) are the appropriate Sub 
strate for reactions involving a polymerase. The selection of a 
Suitable polymerase is part of a process of optimizing the 
experimental protocol. As shown in FIG. 16 for illustration, 
and while not intended to be limiting, a reaction mixture that 
contains a template (160) and a primer (161) is contacted with 
a library of substrate constructs (162) and a polymerase (P), 
under conditions optimized for template-directed polymer 
ization. In Step I, the polymerase begins to processively add 
dinucleotide Ximers (tethers with two reporters) to the tem 
plate strand. This process continues in Steps II and III. Each 
probe Subunit added is a particular species selected by spe 
cific binding to the next adjacent oligomer of the template so 
as to form a contiguous complementary copy of the template. 
While not bound by theory, the polymerase is thought to assist 
in ensuring that incoming probe species added to the nascent 
chain are specifically complementary to the next available 
contiguous segment of the template. Loeb and Patel describe 
mutant DNA polymerases with increased activity and 
improved fidelity (U.S. Pat. No. 6,329,178). Williams for 
example, in U.S. Patent Application 2007/0048748 has 
shown that polymerases can be modified for increased speed 
of incorporation and reduction in error rate, clearly linking 
error rate not with hybridization accuracy but rather with 
polymerase processivity. Step III results in a completed 
Xpandomer intermediate (168). The single-stranded Xpand 
omerintermediate is then treated by a process that can involve 
denaturation of the template strand (not shown). The primary 
backbone of the daughter strand is selectively cleaved to 
expand the tethers, thereby forming an Xpandomer product 
Suitable for use in a sequencing protocol, as previously 
explained. 
0305 As shown in FIG. 17, polymerase driven template 
directed synthesis of an Xpandomer can beachieved by alter 
native techniques. Here, an immobilized primer (170) to 
which a processed template strand (171) is annealed in Step I. 
In Step II, polymerase, P. processively couples specifically 
complementary substrate constructs (175) from a library of 
such constructs (depicted by 174) in the reaction mixture. 
Conditions and reagent solutions are adjusted to favor pro 
cessive polymerase activity. As shown here, hybridization in 
Step II and polymerization in Step III are separate activities, 
but the activities of the polymerase need not be isolated in that 
way. In Step IV, incremental processive addition of comple 
mentary Substrate constructs continues cyclically (continu 
ously without interruption), resulting in the fully loaded 
Xpandomer intermediate (177) as depicted resulting from 
Step IV. The Xpandomer intermediate can be dissociated and 
expanded in preparation for its use in a sequencing protocolas 
previously described. Note that this method also lends itself 
to parsed sequencing methods by selection of suitable immo 
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bilized primers. Further, methods for stretching the template 
to relief secondary structure are readily adapted to this 
method, and is discussed in Subsequent sections. 
0306 Polymerases include, but are to limited to, DNA 
dependent DNA polymerases, DNA-dependent RNA poly 
merases, RNA-dependent DNA polymerases, RNA-depen 
dent RNA polymerases, T7 DNA polymerase, T3 DNA 
polymerase, T4 DNA polymerase, T7 RNA polymerase, T3 
RNA polymerase, SP6 RNA polymerase, DNA polymerase 
1. Klenow fragment. Thermophilus aquaticus DNA poly 
merase. Tth DNA polymerase, VentRR DNA polymerase 
(New England Biolabs), Deep VentRR DNA polymerase 
(New England Biolabs), Bst DNA Polymerase Large Frag 
ment, Stoeffel Fragment, 9°N DNA Polymerase, 9°N DNA 
polymerase, Pfu DNA Polymerase, Tfl DNA Polymerase. Tth 
DNA Polymerase, RepliPHI Phi29 Polymerase, Tli DNA 
polymerase, eukaryotic DNA polymerase beta, telomerase, 
TherminatorTM polymerase (New England Biolabs), KOD 
HiFiTM DNA polymerase (Novagen), KOD1 DNA poly 
merase, Q-beta replicase, terminal transferase, AMV reverse 
transcriptase, M-MLV reverse transcriptase, Phi6 reverse 
transcriptase, HIV-1 reverse transcriptase, novel polymerases 
discovered by bioprospecting, and polymerases cited in US 
2007/0048748, U.S. Pat. No. 6,329,178, U.S. Pat. No. 6,602, 
695, and U.S. Pat. No. 6,395,524 (incorporated by reference). 
These polymerases include wild-type, mutant isoforms, and 
genetically engineered variants. 
(0307 Class II and III Oligomeric Constructs 
0308 Referring to FIGS. 18A through 18E, describe Class 
II oligomeric constructs in more detail, which (along with the 
isomeric Class III oligomeric constructs) can be either 
Xprobes or Xmers. 
(0309 FIGS. 18A through 18C are read from left to right, 
showing first the probe Substrate construct (oligomeric pre 
cursor of Xpandomer), then the intermediate duplex daughter 
Strand in the center, and on the right the Xpandomer product 
prepared for sequencing. 
0310. As shown in FIG. 18A, a Class II substrate construct 
has an oligomeric probe member ( P'—P' ) (180) and a 
tether member, T (181). The tether is attached by a single end 
linkage (184) of a first end moiety to probe moiety P. At the 
distal end of the tether (186), a second end moiety has a linker 
group 8 and is positioned proximate to R. The second end 
moiety also has a cleavable intra-tether crosslink (187) to 
constrain it to this location. Cleavable crosslink (187) is 
denoted by a dotted line, which can indicate, for example, a 
disulfide bond. These constraints prevent the tether from 
elongating or expanding and thus is in a constrained configu 
ration. A second linker group is positioned near the distal end 
(189) of the probe member near R'. Under template-directed 
assembly, Substrates form a duplex with the target template 
such that the substrates are abutted. Under controlled condi 
tions, linker groups 6 and e of the abutting Substrates link to 
form a X-bond between the adjacent Substrate constructs 
(shown in FIGS. 18B and 18C). These linkage groups are 
positioned on the Substrate construct to limit these linkage 
reactions to adjacent abutted Substrate constructs. The Sub 
strate construct preferentially does not link with itself. Suit 
able linkage and protection/deprotection chemistries for 6, e. 
and X are detailed in the general oligomeric construct descrip 
tion. 
0311) R' and Rare end groups configured as appropriate 
for the synthesis protocol in which the substrate construct is 
used. For example, R'=5'-phosphate and R-3'-OH, would 
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find use in a ligation protocol, and R'-5'-triphosphate and 
R°–3'-OH for a polymerase protocol. Optionally, R can be 
configured with a reversible blocking group for cyclical 
single-substrate addition. Alternatively, RandR can be con 
figured with linker end groups for chemical coupling or with 
no linker groups for a hybridization only protocol. R' and R' 
can be of the general type XR, wherein X is a linking group 
and R is a functional group. 
0312 Substrate constructs are reagents used for template 
dependent assembly of a daughter Strand, an intermediate 
composition for producing Xpandomers. FIG. 18B shows the 
duplex daughter Strand, a hetero-copolymer with repeating 
Subunits (shown in brackets). Shown are daughter Strand pri 
mary backbone (-P'—P-) and target template strand 
( P'—P ) as a duplex (185). Each subunit of the daughter 
Strand is a repeating motif comprising a probe member and a 
tether member. The motifs have species-specific variability, 
indicated here by the a superscript. Each particular subunit in 
the daughter strand is selected from a library of motifs by a 
template-directed process and its probe binds to a corre 
sponding sequence of complementary nucleotides on the 
template strand. In this way, the sequence of nucleobase 
residues of the probes forms a contiguous, complementary 
copy of the target template strand. 
0313 Each tilde (-) denotes a selectively cleavable bond. 
The internal bond between moieties P' and P’ of a probe 
member are not selectively cleavable bonds but the inter 
probe bonds (between subunits) are necessarily selectively 
cleavable as required to expand the tethers and the Xpand 
omer. In one embodiment, no direct bond is formed between 
the probes of separate subunits, thereby eliminating the need 
for Subsequent selective cleavage. 
0314. The daughter strand is composed of the precursor 
Xpandomer called the “constrained Xpandomer' which is 
further composed of tethers in the “constrained configura 
tion’. When the tethers convert to their “expanded configu 
ration', the constrained Xpandomer converts to the Xpand 
omer product. The tethers are constrained by the X linkages 
formed by bridging to the probe members of adjacent sub 
units and, optionally, the intratether linkages if still present. 
The X linkage attaches the tether member of a first subunit to 
the abutting end of an adjacent second subunit and is formed 
by linking the collocated linker groups 8, of the first subunit, 
and e, of the second Subunit. 
0315. The daughter strand can be seen to have two back 
bones, a “primary backbone', and the backbone of the “con 
strained Xpandomer. The primary backbone is composed of 
the contiguously abutted probe substrates. The “constrained 
Xpandomer backbone' bypasses the selectively cleavable 
linkage between the subunit substrates and is formed by X 
bond linked backbone moieties, each backbone moiety being 
a linear linkage of tether, to P, to P', eachybond linking P' 
to the tether of the next backbone moiety. It can be seen that 
the constrained Xpandomer backbone bridges or loops over 
the selectively cleavable bonds of the primary backbone, and 
will remain covalently intact when these selectively cleavable 
bonds are cleaved and the primary backbone is fragmented. 
0316. In FIG. 18B, the linker groups 8 and e have 
crosslinked and now forman inter-subunit bond X. After the X 
bond is formed the intra-tether bond may be broken, although 
it is shown here intact (dotted line in the substrate). Generally, 
the formation of the Xbond is dependent on proximity of the 
linker group 6 on the first subunit and the position of the linker 
groupe of a second abutting Subunit, so that they are collo 
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cated and are contacted during or after template-directed 
assembly of Substrate constructs. 
0317. In further embodiments, the crosslinking is depen 
dent only on hybridization to the template to bring the two 
linker groups together. In still other embodiments, the Xbond 
linkage is preceded by enzymatic coupling of the probe mem 
bers Palong the primary backbone, with formation of phos 
phodiester bonds between adjacent probes. In the structure 
shown here, the daughter Strand primary backbone has been 
formed, and the inter-substrate bonds are depicted by a tilde 
(-) to indicate that they are selectively cleavable. After dis 
Sociating or degrading the target template strand, cleaving the 
selectively cleavable bonds (which include the intratether 
bonds), the constrained Xpandomer is released and becomes 
the Xpandomer product. 
0318 FIG. 18C is a representation of the Class II Xpand 
omer product after dissociation of the template strand and 
after cleavage of the selectively cleavable bonds (including 
those in the primary backbone and, if not already cleaved, the 
intratether links). Methods for dissociation of the template 
Strand include heat denaturation, or selective digestion with a 
nuclease, or chemical degradation. The Xpandomer product 
Strand contains a plurality of subunits K, where K denotes the 
K" subunit in a chain of m subunits making up the daughter 
strand, where k=1,2,3 to m, where ma3, and generally mid-20, 
and preferably mid-50, and more preferentially ma1000. Each 
subunit is formed of a tether, and probe moieties P' and P. 
Tether, T (181), is seen in its expanded configuration and is 
stretched to its length between P' and P' of adjacent subunits. 
Each subunit, a subunit motif C, contains species-specific 
genetic information established by template directed assem 
bly of the Xpandomer intermediate (daughter strand). 
0319 FIG. 18D shows the substrate construct of FIG. 18A 
as a molecular model, where the probe member (180), repre 
sented with four nucleobase residues (81.82.83.84), is joined 
to the tether (181) by a linkage of the first end moiety of the 
tether (184). An intra-tether bond (85) of a second end moiety 
is at the distal end of the tether. A linker group (8) (86) is also 
disposed on the second end moiety and the corresponding 
second linker group (e) (87) is anchored to the end of the 
probe opposing the linker group (ö). The tether loop shown 
here has three reporters (78.79.80), which can also be motif 
species specific. 
0320 FIG.18E shows the substrate construct after incor 
poration into the product Xpandomer. The Subunits are 
cleaved and expanded and are linked by Xbonds (88), formed 
by linking the linker groups 8 and e referred to in FIG. 18A. 
A subunit is indicated by dotted lines vertically bracketing the 
repeating Subunit, as represented by brackets in the accom 
panying FIG. 18C. “E” again denotes expansion. 
0321. In the Xpandomer product (FIG. 18E) the primary 
backbone has been fragmented and is not covalently contigu 
ous because any direct bond between the probes of adjacent 
Subunits has been cleaved. Through the cleavage process, the 
constrained Xpandomer is released to become the Xpand 
omer product. The tether members that were formerly in 
constrained configuration, are now in expanded configura 
tion, thereby functioning to linearly stretch out the sequence 
information of the template target. Expanding the tethers 
lowers the linear density of the sequence information along 
the Xpandomer and provides a platform for increasing the 
size and abundance of reporters which in turn improves signal 
to noise for detection and decoding of the template sequence. 
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0322. While the tether is depicted as a reporter construct 
with three reporter groups, various reporter configurations 
can be arrayed on the tether, and can comprise single reporters 
that identify probe constituents, single reporters that identify 
probe species, molecular barcodes that identify the probe 
species, or the tether can be a naked polymer. In some cases, 
one or more reporter precursors are arrayed on the tether, and 
reporters are affinity bound or covalently bound following 
assembly of the Xpandomer product. 
0323 Class III oligomeric constructs, illustrated in FIGS. 
19A through 19E, are isomers to the Class II constructs dis 
cussed above. No further description is included because the 
description of Class II is adequate to understand this class. 
0324. This class can serve to emphasize that all classes can 
be reflected to mirror image application (i.e., exchanging the 
R" and R groups). Furthermore this serves to illustrate that 
the classes described are not intended to be complete but to 
reflect a few of the many possible arrangements that this 
invention encompasses. 
0325 FIG. 20 depicts a condensed schematic of a method 
for making a first embodiment of a Class II Xpandomer; the 
method illustrates the making and using of Substrates and 
products shown in FIGS. 18D and 18E. The method is per 
formed with solid-phase chemistries. Methods for relieving 
secondary structure in the template are discussed in a Subse 
quent section. Suitable conditions adapted for hybridization 
and chemical coupling are well known in the art and the 
conditions can be readily optimized by one skilled in this 
field. 
0326 Step I of FIG. 20 shows a reaction mixture contain 
ing an immobilized template (200) and a library of substrate 
reagents (201). The Substrate constructs are seen to specifi 
cally bind to the template in a template-directed hybridiza 
tion. Conditions are adjusted to optimize the complementar 
ity and fidelity of the binding. As shown in the figure insert 
(see FIG.20a), each abutting substrate construct brings into 
proximity the functional group 8 (202) on the distal aspect of 
the tether, shown here bound to the stem of the tether by an 
intra-tether crosslink (203), represented by the adjacent tri 
angles, and the functional groupe (204) of the abutting probe 
member. 
0327. In Step II, a crosslinking reaction occurs between 
hybridized proximately abutted ends of the probe members 
involving the two functional groups 6 and e, thereby forming 
an inter-subunit tether-to-probe bond X (205), depicted as an 
open oval, as shown in the figure insert (see FIG. 20b). 
Hybridization occurs in parallel at various sites on the tem 
plate, promiscuously, and chemical coupling can occur in a 
cycle of hybridization (Step III), stringent melt and/or wash 
(Step IV), and chemical coupling (Step V). The cycle can be 
repeated to increase the number of contiguous subunits 
assembled to form the Xpandomer intermediate. Step VI 
illustrates a completed Xpandomer intermediate with two 
contiguous product Strands of varying length. A similar 
method may be employed with the Class III Xpandomers. 
0328 FIG.21 illustrates a method of processive ligation of 
Class II substrates on an immobilized template. Step I shows 
a primer (210) annealing to the template (212), the primer 
adapted with a chemically reactive functional groupe shown 
in the figure insertas (214) (see FIG. 21a). A reaction mixture 
containing Class II substrates (216) is then added in Step II. 
As shown in the figure insert (FIG. 21a), these substrate 
constructs have 6 (217) and e (214) reactivity on opposing 
ends of the probe-tether member. A first substrate construct is 
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seen to specifically bind to the template in a template-directed 
hybridization. Conditions are adjusted to optimize the 
complementarity and fidelity of the binding. A ligase is then 
used to covalently bond the first probe to the primer (Step II). 
0329. In Steps III and IV, the process of processive hybrid 
ization and ligation of Substrate constructs is continued in 
order to build up the Xpandomer intermediate shown formed 
in Step IV. Following this, in Step V. crosslinking is per 
formed between the 8 (217) and e (214) groups (see FIG. 
21b), resulting in a bond as depicted in FIG.21c as (219). As 
shown in the figure inserts (FIGS. 21b and 21c), functional 
group 8 (217) on the tether is constrained by an intra-tether 
crosslink (211), represented by the adjacent triangles, until 
the Xbond is formed. The completed Xpandomer intermedi 
ate is optionally dissociated from the template strand and is 
cleaved to form an Xpandomer product suitable for sequenc 
ing. A similar method may be employed with the Class III 
Xpandomers. This method is can also be adapted for use with 
a polymerase by Substituting triphosphate Substrate con 
StructS. 

0330 Class IV and V Oligomeric Constructs 
0331 Referring to FIGS. 22A through 22E, describe Class 
IV oligomeric constructs in more detail. 
0332 FIGS. 22A through 22C are read from left to right, 
showing first the probe substrate construct (Xprobe or Ximer 
precursors of Xpandomer), then the intermediate duplex 
daughter Strand in the center, and on the right the Xpandomer 
product prepared for sequencing. 
0333 FIG. 22A, shows a Class IV substrate construct 
having oligomeric probe member (229) with probe moieties 
P' and Pattaching to tether, T (220). Tether T is attached to 
P" and P by appropriate linkage with the first and secondend 
moieties of the tether, respectively. Linker groups e of the first 
end moiety and 6 of the second end moiety are positioned near 
the RandR ends of the probe, respectively (in an alternative 
embodiment, the positions of the functional groups can be 
reversed). Under controlled conditions, functional groups Ö 
(222) and e (221) will react to form a linkage X as shown in 
FIG. 22B. These linkage groups are positioned on the sub 
strate construct to limit these linkage reactions to adjacent 
abutted substrate constructs. The substrate construct prefer 
entially does not link with itself. Suitable linkage and protec 
tion/deprotection chemistries for Ö, e, and X are detailed in the 
general oligomeric construct description. 
0334) R' and Rare end groups configured as appropriate 
for the synthesis protocol in which the substrate construct is 
used. For example, R'=5'-phosphate and R-3'-OH, would 
find use in a ligation protocol, and R'-5'-triphosphate and 
R°–3'-OH for a polymerase protocol. Optionally, R can be 
configured with a reversible blocking group for cyclical 
single-substrate addition. Alternatively, RandR can be con 
figured with linker end groups for chemical coupling or with 
no linker groups for a hybridization only protocol. R' and R' 
can be of the general type XR, wherein X is a linking group 
and R is a functional group. 
0335) Substrate constructs are reagents used for template 
directed assembly of a daughter strand, an intermediate com 
position for producing Xpandomers. FIG. 22B shows the 
duplex daughter Strand, a hetero-copolymer with repeating 
Subunits (shown in brackets). Shown are daughter Strand pri 
mary backbone (-P'-P ) and target template strand 
( P" P ) as a duplex (228). Each subunit of the daugh 
terstrand is a repeating motif comprising a probe member and 
a tether member. The motifs have species-specific variability, 
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indicated here by the a superscript. Each particular subunit in 
the daughter strand is selected from a library of motifs by a 
template-directed process and its probe binds to a corre 
sponding sequence of complementary nucleotides on the 
template strand. In this way, the sequence of nucleobase 
residues of the probes forms a contiguous, complementary 
copy of the target template strand. 
0336. The tilde (-) denotes a selectively cleavable bond. 
The internal bond between moieties P' and P’ of a probe 
member is necessarily selectively cleavable as required to 
expand the tethers and the Xpandomer. In one embodiment, 
no direct bond is formed between the probes of separate 
Subunits. 
0337 The daughter strand is composed of an Xpandomer 
precursor called the “constrained Xpandomer' which is fur 
ther composed of tethers in the “constrained configuration'. 
When the tethers convert to their “expanded configuration'. 
as shown in FIG.22C, the constrained Xpandomer converts to 
the Xpandomer product. The tethers are constrained by the X 
linkages formed by bridging to the tether member of adjacent 
Subunits and by the probe linkages. The X linkage attaches the 
tether member of a first subunit to the tether of an adjacent 
second subunit and is formed by linking the collocated linker 
groups, 6 of the first Subunit, and e of the second subunit. 
0338. The daughter strand can be seen to have two back 
bones, a “primary backbone', and the backbone of the “con 
strained Xpandomer backbone'. The primary backbone is 
composed of the contiguously abutted probe substrates. The 
“constrained Xpandomer backbone' is the linear linkage of 
the tethers in each Subunit linked together by the X linkages 
bypassing the Subunit probe Substrates. The X linkage results 
from a reaction of the functional groupe of a first subunit with 
the functional group 6 of an abutted second subunit. It can be 
seen that the constrained Xpandomer backbone bridges or 
loops over the selectively cleavable bonds of the primary 
backbone, and will remain covalently intact when these selec 
tively cleavable bonds are cleaved and the primary backbone 
is fragmented. 
0339. In FIG. 22B, the linker groups 8 and e have 
crosslinked and now forman inter-subunit bond X. Generally, 
the formation of the Xbond is dependent on the collocation of 
the linker group 6, on the first Subunit, and the linker group e. 
of a second abutting Subunit, so that they are contacted during 
or after template-directed assembly of substrate constructs. 
0340. In further embodiments, the Xbond crosslinking is 
dependent only on hybridization to the template to bring the 
two linker groups together. In still other embodiments, for 
mation of the Xbond is preceded by enzymatic coupling of the 
probe members P along the primary backbone with phos 
phodiester bonds between adjacent probes. In the structure 
shown in FIG.22B, the daughter strand primary backbone has 
been formed, and the bond between probe moieties is 
depicted by a tilde (-) to indicate that it is selectively cleav 
able. After dissociating or degrading the target template 
Strand, cleaving the selectively cleavable bonds, the con 
strained Xpandomer is released and becomes the Xpandomer 
product as shown in FIG.22C. 
0341. In this regard, FIG. 22C is a representation of the 
Class IV Xpandomer product after dissociation of the tem 
plate strand and after cleavage of the selectively cleavable 
bonds of the primary backbone. Methods for dissociation of 
the template Strand include heat denaturation, or selective 
digestion with a nuclease, or chemical degradation. The 
Xpandomer product strand contains a plurality of subunits K. 
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where K denotes the K" subunit in a chain of m subunits 
making up the daughter strand, where m>3, and generally 
mid-20, and preferably ma50, and more preferentially 
mid 1000. Each subunit is formed of a tether (220), and pen 
dant probe moieties P' and P. Tether, T, is seen in its 
expanded configuration and is stretched to its length between 
adjacent Subunits. Each subunit, a subunit motif C. contains 
species-specific genetic information established by template 
directed assembly of the Xpandomer intermediate (daughter 
Strand). 
0342 FIG.22D shows the substrate construct of FIG.22A 
as a molecular model, where the probe member, represented 
with four nucleobase residues (open circles), is joined to the 
tether by a linkage of the first end moiety of the tether. The 
linker group (221), shown as in FIG. 22A, is also of the first 
end moiety of the tether. A linker group (222), shown as 8 in 
FIG.22A, is disposed on a second end moiety at the distal end 
of the tether (220). The tether loop shown here has three 
reporters (800,801.802), which can also be motif species 
specific. A selectively cleavable bond, shown as a “V” (225), 
is located within probe member (229). 
0343 FIG. 22E shows the substrate construct after incor 
poration into the product Xpandomer. The Subunits are 
cleaved, shown as lines (225a,225b), and expanded and are 
linked by X bonds (223.224), formed by linking the linker 
groups 8 and e referred to in FIG.22A. A subunit is indicated 
by dotted lines vertically bracketing the repeating subunit, as 
represented by brackets in the accompanying FIG.22C. 
(0344) In theXpandomer product of FIG.22E, the primary 
backbone has been fragmented and is not covalently contigu 
ous because any direct bond between the probes of adjacent 
Subunits has been cleaved. Through the cleavage process, the 
constrained Xpandomer is released to become the Xpand 
omer product. The tether members that were formerly in 
constrained configuration, are now in expanded configura 
tion, thereby functioning to linearly stretch out the sequence 
information of the template target. Expanding the tethers 
lowers the linear density of the sequence information along 
the Xpandomer and provides a platform for increasing the 
size and abundance of reporters which in turn improves signal 
to noise for detection and decoding of the template sequence. 
0345 While the tether is depicted as a reporter construct 
with three reporter groups, various reporter configurations 
can be arrayed on the tether, and can comprise single reporters 
that identify probe constituents, single reporters that identify 
probe species, molecular barcodes that identify the probe 
species, or the tether can be a naked polymer. In some cases, 
one or more reporter precursors are arrayed on the tether, and 
reporters are affinity bound or covalently bound following 
assembly of the Xpandomer product. 
0346 Class V substrate constructs are similar to the Class 
IV constructs, the primary difference being the position of the 
cleavable linkers. FIGS. 23A through 23C are read from left 
to right, showing first the probe substrate construct (Xprobe 
or Xmer precursors of Xpandomer), then the intermediate 
duplex daughter Strand in the center, and on the right the 
Xpandomer product prepared for sequencing. 
0347 FIG. 23A illustrates a Class V substrate construct 
having first and second end moieties of tether T (239) 
attached with two selectively cleavable end linkages (234, 
238) (depicted as two vertical "-). These cleavable linkages 
are then attached to first and second probe moieties, P' and P. 
of an oligomeric probe member (235). Linker groups e (230) 
and 8 (231) of the said first and second end moieties are 
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positioned near the R' and Rends of the probe (again, the 
positions of these functional groups can be reversed). Under 
controlled conditions, functional groups 6 and e are reacted to 
form a linkage X. These linkage groups are positioned on the 
Substrate construct to limit these linkage reactions to adjacent 
abutted substrate constructs. The substrate construct prefer 
entially does not link with itself. Suitable linkage and protec 
tion/deprotection chemistries for Ö, e, and X are detailed in the 
general oligomeric construct description. 
(0348) R' and Rare end groups configured as appropriate 
for the synthesis protocol in which the substrate construct is 
used. For example, R'=5'-phosphate and R-3'-OH, would 
find use in a ligation protocol as found in Xprobes, and 
R'-5'-triphosphate and R-3'-OH for a polymerase protocol 
as found in Xmers. Optionally, R can be configured with a 
reversible blocking group for cyclical single-substrate addi 
tion. Alternatively, R' and R can be configured with linker 
end groups for chemical coupling or with no linker groups for 
a hybridization only protocol. R' and R can be of the general 
type XR, wherein X is a linking group and R is a functional 
group. 
0349 Substrate constructs are reagents used for template 
directed assembly of a daughter strand, an intermediate com 
position for producing Xpandomers. FIG. 23B shows the 
duplex daughter Strand, a hetero-copolymer with repeating 
Subunits (shown in brackets). Shown are daughter Strand pri 
mary backbone ( P'—P ) and target template strand 
( P' P’ ) as a duplex (236). Each subunit of the daugh 
terstrand is a repeating motif comprising a probe member and 
a tether member. The motifs have species-specific variability, 
indicated here by the a superscript. Each particular subunit in 
the daughter strand is selected from a library of motifs by a 
template-directed process and its probe binds to a corre 
sponding sequence of complementary nucleotides on the 
template strand. In this way, the sequence of nucleobase 
residues of the probes forms a contiguous, complementary 
copy of the target template strand. 
0350. The tilde (-) denotes a selectively cleavable bond. 
The bonds connect moieties P' and Pofaprobe member with 
the tether and are necessarily selectively cleavable as required 
to expand the tethers and theXpandomer. In one embodiment, 
no direct bond is formed between the probes of separate 
Subunits. 
0351. The daughter strand is composed of an Xpandomer 
precursor called the “constrained Xpandomer' which is fur 
ther composed of tethers in the “constrained configuration'. 
When the tethers convert to their “expanded configuration'. 
as shown in FIG.23C, the constrained Xpandomer converts to 
the Xpandomer product. The tethers are constrained by the X 
linkages formed by bridging to the tether members of adja 
cent subunits and by the selectively cleavable linkages (234, 
238). The X linkage attaches the tether member of a first 
Subunit to the tether of an adjacent second Subunit and is 
formed by linking the collocated linker groups, 6 of the first 
Subunit, and of the second Subunit. 
0352. The daughter strand can be seen to have two back 
bones, a “primary backbone', and the backbone of the “con 
strained Xpandomer backbone'. The primary backbone is 
composed of the contiguously abutted probe substrates. The 
“constrained Xpandomer backbone' is the linear linkage of 
the tethers in each Subunit linked together by the X linkages 
bypassing the Subunit probe Substrates. The X linkage results 
from a reaction of the functional groupe of a first subunit with 
the functional group 6 of an abutted second subunit. It can be 
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seen that the constrained Xpandomer backbone bridges or 
loops over the selectively cleavable bonds connecting to the 
primary backbone, and will remain covalently intact when 
these selectively cleavable bonds are cleaved and the primary 
backbone is dissociated or otherwise fragmented. 
0353. In FIG. 23B, the linker groups 8 and e have 
crosslinked and now forman inter-subunit bond X. Generally, 
the formation of the Xbond is dependent on the collocation of 
the linker group 6, on the first Subunit, and the linker group e. 
of a second abutting Subunit, so that they are contacted during 
or after template-directed assembly of substrate constructs. 
0354. In some protocols, the crosslinking reaction is 
dependent only on hybridization to the template to bring the 
two reactive groups together. In other protocols, the linking is 
preceded by enzymatic coupling of the probe members, with 
formation of phosphodiester bonds between adjacent probes. 
In the structure shown in FIG. 23B, the daughter strand pri 
mary backbone has been formed. The tether, now joined to 
adjacent Subunits by X-bonds, and comprises the constrained 
Xpandomer backbone. Upon cleavage of the selectively 
cleavable bonds (~), the constrained Xpandomer is separated 
from the primary backbone to become the Xpandomer prod 
uct, and its now unconstrained tethers are linearly expanded 
to their full length as shown in FIG. 23C. 
0355. In this regard, FIG. 23C is a representation of the 
Class V Xpandomer product after cleavage of the selectively 
cleavable bonds that dissociates the primary backbone. The 
Xpandomer product strand contains a plurality of subunits K. 
where K denotes the K" subunit in a chain of m subunits 
making up the daughter strand, where m>3, and generally 
mid-20, and preferably ma50, and more preferentially 
mid 1000. Each subunit is formed of a tether, T (239), as seen 
in its expanded configuration and is stretched to its length 
between adjacent Subunits. Each Subunit, a subunit motif a., 
contains species-specific genetic information established by 
template-directed assembly of the Xpandomer intermediate 
(daughter strand). 
0356. FIG.23D shows the substrate construct of FIG.23A 
as a molecular model, where the probe member (235), repre 
sented with four nucleobase residues (open circles), is joined 
to the first and second end moieties of the tether by two 
cleavable linkages (234.238). The linker group (232), shown 
as e in FIG. 23A, is of the first end moiety of the tether and 
linker group (233), shown as 8 in FIG. 23A, is of the tether 
second end moiety. The tether loop shown here has three 
reporters (237a, 237b, 237c), which can also be motif species 
specific. 
0357 FIG. 23E shows the substrate construct after incor 
poration into the product Xpandomer. The Subunits are 
cleaved (234a, 234b, 238a, 238b) and expanded and are 
linked by X bonds (249.248), formed by linking the linker 
groups 8 and e referred to in FIG. 23A. A subunit is indicated 
by dotted lines vertically bracketing the repeating subunit, as 
represented by brackets in the accompanying FIG. 23C. 
0358. In theXpandomer product of FIG. 23E, the primary 
backbone (235) has been cleaved off (dissociated). Through 
the cleavage process, the constrained Xpandomer is released 
to become the Xpandomer product. The tether members that 
were formerly in constrained configuration, are now in 
expanded configuration, thereby functioning to linearly 
stretch out the sequence information of the template target. 
Expanding the tethers lowers the linear density of the 
sequence information along the Xpandomer and provides a 
platform for increasing the size and abundance of reporters 
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which in turn improves signal to noise for detection and 
decoding of the template sequence. 
0359 While the tether is depicted as a reporter construct 
with three reporter groups, various reporter configurations 
can be arrayed on the tether, and can comprise single reporters 
that identify probe constituents, single reporters that identify 
probe species, molecular barcodes that identify the probe 
species, or the tether can be a naked polymer. In some cases, 
one or more reporter precursors are arrayed on the tether, and 
reporters are affinity bound or covalently bound following 
assembly of the Xpandomer product. 
0360 Making and use of a Class V Xpandomer is illus 
trated in FIG. 24. In setting up for the synthesis in Step I, a 
single stranded template (245) is contacted and annealed with 
sequencing primer (246). The primer assembly (247) is then 
contacted with a library of Class V substrate constructs and a 
polymerase (Step II). In Step III, the substrates have been 
added processively in a template-directed polymerization. In 
Step IV, polymerization of the primary backbone of the 
daughter strand is completed and the reactive functional 
groups of abutting tether side arms are crosslinked, forming 
the tether-to-tether bonds. Finally, in Step V, the cleavable 
bonds in the stems of the tether loops are cut, releasing the 
synthetic tether-to-tether backbone from the oligomeric 
daughter strand and template. This Xpandomer (249) is thus 
entirely constructed of tether linkages and is shown to spon 
taneously expand as it drifts away from the remainder of the 
synthetic intermediate. Here genetic information correspond 
ing to the target polynucleotide sequence is encoded in the 
contiguous Subunits of the tethers. 

Making and Using Xmers 

0361 Class I embodiments include Xprobes and Xmers. 
Xprobes are monophosphates, while Xmers are triphos 
phates. “Xmers' are expandable oligonucleotide triphos 
phate Substrate constructs that can be polymerized in an 
enzyme-dependent, template-directed synthesis of an Xpan 
domer. Like Xprobes, Xmer Substrate constructs have a char 
acteristic "probe-loop' form as illustrated in FIGS. 10A and 
10C, where R' is 5'-triphosphate and R is 3'-OH. Note that 
the Substrate constructs are oligonucleobase triphosphates or 
oligomer analog triphosphates, but the probe members (i.e., 
the oligomer) have been modified with a tether construct and 
a selectively cleavable bond between the end linkages of the 
tether as shown in FIG. 10D, the function of which is further 
illustrated in FIG. 10E. 
0362 DNA and RNA polymerases can incorporate 
dinucleotide, trinucleotide, and tetranucleotide triphosphate 
oligonucleotides with a level of efficiency and fidelity in a 
primer-dependent, processive process as disclosed in U.S. 
Pat. No. 7,060,440 to Kless. Tether modified oligonucleotide 
triphosphates of length n (n=2, 3, 4, or more) can be used as 
Substrates for polymerase-based incorporation into Xpand 
omers. Suitable enzymes for use in the methods shown in 
FIGS. 16 and 17 include, for example, DNA-dependent DNA 
polymerases, DNA-dependent RNA polymerases, RNA-de 
pendent DNA polymerases, RNA-dependent RNA poly 
merases, T7 DNA polymerase, T3 DNA polymerase, T4 
DNA polymerase. T7 RNA polymerase, T3 RNA poly 
merase, SP6 RNA polymerase, DNA polymerase 1, Klenow 
fragment, Thermophilus aquaticus DNA polymerase. Tth 
DNA polymerase, VentRR DNA polymerase (New England 
Biolabs), Deep VentRR DNA polymerase (New England 
Biolabs), Bst DNA Polymerase Large Fragment, Stoeffel 
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Fragment,9°N DNA Polymerase,9°N DNA polymerase, Pfu 
DNA Polymerase, Tfl DNA Polymerase. Tth DNA Poly 
merase, RepliPHI Phi29 Polymerase, Tli DNA polymerase, 
eukaryotic DNA polymerase beta, telomerase. Thermina 
torTM polymerase (New England Biolabs), KODHiFiTM DNA 
polymerase (Novagen), KOD1 DNA polymerase, Q-beta rep 
licase, terminal transferase, AMV reverse transcriptase, 
M-MLV reverse transcriptase, Phi6 reverse transcriptase, 
HIV-1 reverse transcriptase, novel polymerases discovered 
by bioprospecting, and polymerases cited in US 2007/ 
0048748, U.S. Pat. No. 6,329,178, U.S. Pat. No. 6,602,695, 
and U.S. Pat. No. 6,395,524 (incorporated by reference). 
These polymerases include wild-type, mutant isoforms, and 
genetically engineered variants. 
0363 Xmer polymerization is a method for Xpandomer 
synthesis and is illustrated in FIG. 16, for example, where the 
2mer Substrate is provided as a triphosphate. Because Xmers 
are polymerized processively, the extension, crosslinking, 
end activation, and high Stringency washing steps typically 
associated with cyclical sequencing by synthesis methods are 
optionally eliminated with this approach. Thus the reaction 
can be performed in solution. Xpandomer synthesis with 
Xmers can also be performed with immobilized templates, as 
illustrated in FIG. 17, where a 4mer Xmer triphosphate is 
processively polymerized in a template-directed synthesis 
dependent on a primer. 
0364) A variety of methods can be employed for robust 
synthesis of 5' triphosphate Xmers. As described by Burgess 
and Cook ("Syntheses of Nucleoside Triphosphates”, Chem. 
Rev. 100(6):2047-2060, 2000), these methods include (but 
are not limited to) reactions using nucleoside phosphoramid 
ites, synthesis via nucleophilic attack of pyrophosphate on 
activated nucleoside monophosphates, synthesis via nucleo 
philic attack of phosphate on activated nucleoside pyrophos 
phate, synthesis via nucleophilic attack of diphosphate on 
activated phosphate synthon, synthesis involving activated 
phosphites or phosphoramidites derived from nucleosides, 
synthesis involving direct displacement of 5'-O-leaving 
groups by triphosphate nucleophiles, and biocatalytic meth 
ods. A representative method for producing polymerase com 
patible dinucleotide substrates uses N-methylimidazole to 
activate the 5' monophosphate group; Subsequent reaction 
with pyrophosphate (tributylammonium salt) produces the 
triphosphate (Abramova et al., “A facile and effective synthe 
sis of dinucleotide 5'-triphosphates’, Bioorganic and Med 
Chem 15, 6549-6555, 2007). 
0365. As is discussed in more detail below, the Xmer 
tether construct is related in design, composition and linkage 
to tether's used for Xprobes. In many embodiments, genetic 
information is encoded on the tether, and therefore each tether 
of each Substrate construct is a species-specific tether. The 
information encoded on the tether is coded with a reporter 
code that digitizes the genetic information. For example, five 
bit, binary coding on the tethers would produce 32 unique 
sequence codes (2). This strategy can be used to uniquely 
code for all 16 combinations of two nucleobase residues per 
probe member of a 2mer library, regardless of the tether's 
orientation. Similar to Xprobe coding, a variety of function 
alization and labeling strategies can be considered for Xmers, 
including (but not limited to): functionalized dendrimers, 
polymers, branched polymers, nanoparticles, and nanocrys 
tals as part of the tether scaffold, as well as reporter chemis 
tries and reporter signals—to be detected with the appropriate 
detection technology. Base-specific labels can be introduced 




























































































